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INTRODUCTORY  NOTE 

In  ADDITION  to  a  vast  mass  of  strictly  technical  writing  in 
both  pure  and  applied  mathematics,  Laplace  (1749-1827) 
published  two  popular  works  addressed  to  the  general  intelli- 
gent and  educated  reader:  Exposition  du  systeme  du  monde 
(1796),  Essai  philosophique  sur  les  probabilites,  only  the 
second  of  which  concerns  us  here.  It  formed  the  Introduc- 
tion (153  pages)  to  the  great,  Theorie  analytique  des 
probabilites  (645  pages),  printed  in  Volume  7  of  Laplace's 
collected  works.  The  "avertissement"  to  the  third  edition 
(of  the  Theorie,  1820)  states  that  the  new  edition  differs 
from  the  preceding  by,  among  other  things,  an  introduction 
which  had  appeared  as  a  separate  publication  "last  year." 
This  is  the  philosophical  essay  before  us.  In  the  "avertisse- 
ment" to  the  second  edition  of  the  Theorie,  Laplace  expresses 
the  hope  that  his  labors  will  merit  the  attention  of  mathe- 
maticians and  "excite"  them  to  cultivate  a  branch  of  human 
knowledge  as  important  and  as  curious  as  any.  His  hope 
has  been  realized;  the  mathematical  theory  of  probability 
is  indispensable  today  in  both  pure  and  applied  science, 
and  many  of  the  tools  still  in  use  were  invented  by  Laplace 
in  his  tremendous  Theorie,  the  most  impressive  contribu- 
tion as  yet  made  by  one  man  to  this  "curious  and  important 
branch  of  human  knowledge." 

The  aim  of  the  Essai  apparently  is  to  acquaint  the  reader 
with  the  fundamentals  of  probability  and  its  applications 
without  resorting  to  higher  mathematics.   Even  elementary 
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mathematics  is  kept  to  an  irreducible  minimum,  as  when, 
for  example,  it  is  necessary  to  refer  to  the  binomial  theorem 
for  a  positive  integer  exponent.  But  the  simplicity  is  only 
apparent:  mathematical  operations,  such  as  the  multiplica- 
tion of  infinite  series,  remain  mathematical  although  ex- 
pressed in  common  language  without  any  symbols  what- 
ever. For  example,  in  the  discussion  of  generating  functions 
we  are  told  to  "multiply  A  by  a  function  B  of  two  variables, 
developed  in  a  series  arranged  with  respect  to  powers  and 
products  of  powers  of  these  variables,  such,  for  example,  as 
the  first  variable,  plus  the  second,  minus  two,"  and  so  on 
for  seven  long  lines  of  words.  This  is  only  a  mild  specimen 
of  many  similar  attempts  to  make  the  essentially  mathema- 
tical unmathematical.  All  such  can  be  ignored  without 
detriment  to  an  understanding  of  the  main  purpose  of  the 
Essai — to  acquaint  the  average  reader  with  the  concepts 
and  uses  of  probability. 

To  place  the  Essai  in  its  proper  setting,  we  cannot  do 
better  than  quote  Laplace  himself,  and  then  see  what  his 
remarks  were  founded  on.  "This  Introduction,"  he  says,  is 
the  development  of  a  Lesson  on  Probabilities,  which  I  gave 
in  1795  at  the  Normal  Schools,  where  I  was  called  as 
professor  of  Mathematics  with  Lagrange,  by  a  decree  of 
the  National  Convention.  I  was  to  present,  without  the  aid 
of  analysis  [mathematics]  the  principles  and  general  results 
of  the  theory  of  probabilities  expounded  in  this  work,  in 
applying  them  to  the  most  important  questions  of  life, 
which  are  only  in  effect,  for  the  most  part,  problems  in 
probability."  This  explains  the  avoidance  of  formulas  and  tech- 
nical mathematics  already  noted.  Actually  large  tracts  of  the 
Essai  are  transpositions  into  common  language  of  certain  parts 
of  the  Theorie  analytique  developed  mathematically  and  both 
more  clearly  and  more  succinctly  than  in  the  corresponding 
sections  of  the  Essai.  But  even  the  reader  who  is  acquainted 
with  the  formal  mathematical  development  will  find  much  to 
interest  him  in  the  informal  presentation.  To  dispose  here  of 


the  inevitable  criticism  that  the  theory  of  probability  has 
grown  and  changed  since  Laplace's  day — of  course  it  has,  but 
the  origin  of  much  of  the  growth  and  change  is  to  be  found 
in  the  theory  as  developed  by  him. 

Neither  the  Essai  nor  the  Theorie  was  composed  at  one  sit- 
ting as  it  were.  The  final  works  were  the  outcome  of  numerous 
memoirs  on  special  phases  of  the  theory,  dealing  mostly  with 
the  relevant  mathematics  for  which  Laplace  himself  was  large- 
ly responsible.  If  he  did  not  actually  originate  all  of  the  mathe- 
matics he  used,  he  developed  to  a  high  pitch  of  power  and  ap- 
plied it  as  nobody  before  him  had.  In  the  course  of  his  work 
on  probability  he  elaborated  parts  of  a  theory  of  equations  in 
finite  differences  in  one  and  in  two  independent  variables. 
Among  the  applications  of  this  analysis  are  the  problems  of 
duration  of  play,  and  the  calculation  of  the  chances  that  the 
number  of  counters  in  a  random  sample  taken  from  a  heap  is 
odd  or  even.  This  investigation  dates  from  1774.  From  the 
year  1773  there  is  the  basic  investigation  on  inverse  proba- 
bilities: to  estimate  the  probabilities  of  the  various  causes  that 
may  have  produced  an  observed  event.  This  connects  with  the 
ideas  of  Thomas  Boyes  on  inverse  probability,  published  in 
1763-4,  and  mentioned  by  Laplace.  The  subject  long  was  con- 
troversial. At  this  early  date  Laplace  was  already  applying  the 
theory  to  questions  in  astronomy,  such  as  the  mean  inclination 
of  the  orbits  of  comets.  A  memoir  of  1781  contains  much  of 
mathematical  interest,  including  the  approximate  evaluation 
of  definite  integrals.  Passing  to  something  more  human, 
Laplace  considers  the  probability  that  in  any  given  year  the 
number  of  boy-births  will  not  exceed  the  number  of  girl- 
births.  This  suggests  the  corresponding  and  more  difficult 
problem  for  a  century. 

We  may  note  in  passing  the  ingenious  evaluation  of  J  e"4  «, 
often  given  in  texts  on  the  calculus. 

Another  type  of  investigation  deals  with  "the  approxima- 
tions of  formulas  which  are  functions  of  very  large  numbers." 
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This  dates  from  1782;  the  subject  is  still  far  from  exhausted. 
With  this  memoir  the  first  great  period  of  Laplace's  activity  in 
the  theory  of  probability  closed.  He  did  not  significantly  re- 
sume the  subject  for  more  than  twenty-five  years.  But  he  was 
by  no  means  idle;  the  greatest  effort  of  his  long  and  laborious 
career  was  being  devoted  to  the  composition  of  his  master- 
piece, the  Mecanique  Celeste.  Then  in  1809  he  returned  to  the 
theory  of  probability  with  a  memoir  on  the  inclinations  of  the 
orbits  of  the  planets  and  comets.  The  memoir  contains  further 
investigations  in  approximative  calculation. 

The  foregoing  sample  of  Laplace's  contributions  to  the 
theory  of  probability  before  the  publication  of  the  definitive 
Theorie  Analytique,  is  sufficient  to  show  that  the  great  work 
was  the  outcome  of  slow  accretions  through  many  years.  In  the 
final  work  much  that  had  been  obtained  by  laborious  calcula- 
tion was  presented  in  simplified  and  improved  form,  and 
the  many  preliminaries  were  unified  and  drawn  together.  The 
massive  effort  was  much  greater  than  the  sum  of  its  parts,  and 
is  one  of  the  outstanding  examples  in  all  mathematics  of 
taking  enough  time  to  do  properly  a  job  worth  doing  at  all. 
Finally,  Laplace  undertook  to  share  his  pleasure  and  his  en- 
thusiasm for  the  theory  with  those  to  whom  the  mathematics 
of  the  analytic  theory  are  an  impassable  barrier.  The  result 
was  the  classic  Essai  that  follows. 

E.  T.  BELL 
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A  PHILOSOPHICAL  ESSAY  ON 
PROBABILITIES. 


CHAPTER   I. 
INTRODUCTION. 

This  philosophical  essay  is  the  development  of  a 
lecture  on  probabilities  which  I  delivered  in  1795  to 
the  normal  schools  whither  I  had  been  called,  by  a 
decree  of  the  national  convention,  as  professor  of 
mathematics  with  Lagrange.  I  have  recently  published 
upon  the  same  subject  a  work  entitled  The  Analytical 
Theory  of  Probabilities.  I  present  here  without  the 
aid  of  analysis  the  principles  and  general  results  of  this 
theory,  applying  them  to  the  most  important  questions 
of  life,  which  are  indeed  for  the  most  part  only  problems 
of  probability.  Strictly  speaking  it  may  even  be  said 
that  nearly  all  our  knowledge  is  problematical ;  and  in 
the  small  number  of  things  which  we  are  able  to  know 
with  certainty,  even  in  the  mathematical  sciences 
themselves,  the  principal  means  for  ascertaining  truth 
— induction,  and  analogy — are  based  on  probabilities ; 
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so  that  the  entire  system  of  human  knowledge  is  con- 
nected with  the  theory  set  forth  in  this  essay.  Doubt- 
less it  will  be  seen  here  with  interest  that  in  considering, 
even  in  the  eternal  principles  of  reason,  justice,  and 
humanity,  only  the  favorable  chances  which  are  con- 
stantly attached  to  them,  there  is  a  great  advantage  in 
following  these  principles  and  serious  inconvenience  in 
departing  from  them:  their  chances,  like  those  favor- 
able to  lotteries,  always  end  by  prevailing  in  the  midst 
of  the  vacillations  of  hazard.  I  hope  that  the  reflec- 
tions given  in  this  essay  may  merit  the  attention  of 
philosophers  and  direct  it  to  a  subject  so  worthy  of 
engaging  their  minds. 


CHAPTER   II. 

CONCERNING  PROBABILITY. 

All  events,  even  those  which  on  account  of  their 
insignificance  do  not  seem  to  follow  the  great  laws  of 
nature,  are  a  result  of  it  just  as  necessarily  as  the  revolu- 
tions of  the  sun.  In  ignorance  of  the  ties  which  unite 
such  events  to  the  entire  system  of  the  universe,  they 
have  been  made  to  depend  upon  final  causes  or  upon 
hazard,  according  as  they  occur  and  are  repeated  with 
regularity,  or  appear  without  regard  to  order ;  but  these 
imaginary  causes  have  gradually  receded  with  the 
widening  bounds  of  knowledge  and  disappear  entirely 
before  sound  philosophy,  which  sees  in  them  only  the 
expression  of  our  ignorance  of  the  true  causes. 

Present  events  are  connected  with  preceding  ones 
by  a  tie  based  upon  the  evident  principle  that  a  thing 
cannot  occur  without  a  cause  which  produces  it.  This 
axiom,  known  by  the  name  of  the  principle  of  sufficient 
reason,  extends  even  to  actions  which  are  considered 
indifferent;  the  freest  will  is  unable  without  a  determi- 
native motive  to  give  them  birth ;  if  we  assume  two 
positions  with  exactly  similar  circumstances  and  find 
that  the  will  is  active  in  the  one  and  inactive  in  the 

3 


4  A  PHILOSOPHICAL  ESSAY  ON  PROBABILITIES. 

other,  we  say  that  its  choice  is  an  effect  without  a  cause. 
It  is  then,  says  Leibnitz,  the  blind  chance  of  the 
Epicureans.  The  contrary  opinion  is  an  illusion  of  the 
mind,  which,  losing  sight  of  the  evasive  reasons  of  the 
choice  of  the  will  in  indifferent  things,  believes  that 
choice  is  determined  of  itself  and  without  motives. 

We  ought  then  to  regard  the  present  state  of  the 
universe  as  the  effect  of  its  anterior  state  and  as  the 
cause  of  the  one  which  is  to  follow.  Given  for  one 
instant  an  intelligence  which  could  comprehend  all  the 
forces  by  which  nature  is  animated  and  the  respective 
situation  of  the  beings  who  compose  it — an  intelligence 
sufficiently  vast  to  submit  these  data  to  analysis — it 
would  embrace  in  the  same  formula  the  movements  of 
the  greatest  bodies  of  the  universe  and  those  of  the 
lightest  atom ;  for  it,  nothing  would  be  uncertain  and 
the  future,  as  the  past,  would  be  present  to  its  eyes. 
The  human  mind  offers,  in  the  perfection  which  it  has 
been  able  to  give  to  astronomy,  a  feeble  idea  of  this  in- 
telligence. Its  discoveries  in  mechanics  and  geometry, 
added  to  that  of  universal  gravity,  have  enabled  it  to 
comprehend  in  the  same  analytical  expressions  the 
past  and  future  states  of  the  system  of  the  world. 
Applying  the  same  method  to  some  other  objects  of  its 
knowledge,  it  has  succeeded  in  referring  to  general  laws 
observed  phenomena  and  in  foreseeing  those  which 
given  circumstances  ought  to  produce.  All  these  efforts 
in  the  search  for  truth  tend  to  lead  it  back  continually 
to  the  vast  intelligence  which  we  have  just  mentioned, 
but  from  which  it  will  always  remain  infinitely  removed. 
This  tendency,  peculiar  to  the  human  race,  is  that 
which  renders  it  superior  to  animals ;  and  their  progress 


CONCERNING  PROBABILITY.  5 

in  this  respect  distinguishes  nations  and  ages  and  con- 
stitutes their  true  glory. 

Let  us  recall  that  formerly,  and  at  no  remote  epoch, 
an  unusual  rain  or  an  extreme  drought,  a  comet  having 
in  train  a  very  long  tail,  the  eclipses,  the  aurora 
borealis,  and  in  general  all  the  unusual  phenomena 
were  regarded  as  so  many  signs  of  celestial  wrath. 
Heaven  was  invoked  in  order  to  avert  their  baneful 
influence.  No  one  prayed  to  have  the  planets  and  the 
sun  arrested  in  their  courses:  observation  had  soon 
made  apparent  the  futility  of  such  prayers.  But  as 
these  phenomena,  occurring  and  disappearing  at  long 
intervals,  seemed  to  oppose  the  order  of  nature,  it  was 
supposed  that  Heaven,  irritated  by  the  crimes  of  the 
earth,  had  created  them  to  announce  its  vengeance. 
Thus  the  long  tail  of  the  comet  of  1456  spread  terror 
through  Europe,  already  thrown  into  consternation  by 
the  rapid  successes  of  the  Turks,  who  had  just  over- 
thrown the  Lower  Empire.  This  star  after  four  revolu- 
tions has  excited  among  us  a  very  different  interest. 
The  knowledge  of  the  laws  of  the  system  of  the  world 
acquired  in  the  interval  had  dissipated  the  fears 
begotten  by  the  ignorance  of  the  true  relationship  of 
man  to  the  universe;  and  Halley,  having  recognized 
the  identity  of  this  comet  with  those  of  the  years  1 53 1 , 
1607,  and  1682,  announced  its  next  return  for  the  end 
of  the  year  1758  or  the  beginning  of  the  year  1759. 
The  learned  world  awaited  with  impatience  this  return 
which  was  to  confirm  one  of  the  greatest  discoveries 
that  have  been  made  in  the  sciences,  and  fulfil  the 
prediction  of  Seneca  when  he  said,  in  speaking  of  the 
revolutions  of  those  stars  which  fall  from  an  enormous 
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height:  "  The  day  will  come  when,  by  study  pursued 
through  several  ages,  the  things  now  concealed  will 
appear  with  evidence;  and  posterity  will  be  astonished 
that  truths  so  clear  had  escaped  us."  Clairaut  then 
undertook  to  submit  to  analysis  the  perturbations  which 
the  comet  had  experienced  by  the  action  of  the  two 
great  planets,  Jupiter  and  Saturn ;  after  immense  cal- 
culations he  fixed  its  next  passage  at  the  perihelion 
toward  the  beginning  of  April,  1759,  which  was  actually 
verified  by  observation.  The  regularity  which  astronomy 
shows  us  in  the  movements  of  the  comets  doubtless 
exists  also  in  all  phenomena. 

The  curve  described  by  a  simple  molecule  of  air  or 
vapor  is  regulated  in  a  manner  just  as  certain  as  the 
planetary  orbits ;  the  only  difference  between  them  is 
that  which  comes  from  our  ignorance. 

Probability  is  relative,  in  part  to  this  ignorance,  in 
part  to  our  knowledge.  We  know  that  of  three  or  a 
greater  number  of  events  a  single  one  ought  to  occur ; 
but  nothing  induces  us  to  believe  that  one  cf  them  will 
occur  rather  than  the  others.  In  this  state  of  indecision 
it  is  impossible  for  us  to  announce  their  occurrence  with 
certainty.  It  is,  however,  probable  that  one  of  these 
events,  chosen  at  will,  will  not  occur  because  we  see 
several  cases  equally  possible  which  exclude  its  occur- 
rence, while  only  a  single  one  favors  it. 

The  theory  of  chance  consists  in  reducing  all  the 
events  of  the  same  kind  to  a  certain  number  of  cases 
equally  possible,  that  is  to  say,  to  such  as  we  may  be 
equally  undecided  about  in  regard  to  their  existence, 
and  in  determining  the  number  of  cases  favorable  to 
the  event  whose  probability  is  sought.      The  ratio  of 
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this  number  to  that  of  all  the  cases  possible  is  the 
measure  of  this  probability,  which  is  thus  simply  a 
fraction  whose  numerator  is  the  number  of  favorable 
cases  and  whose  denominator  is  the  number  of  all  the 
cases  possible. 

The  preceding  notion  of  probability  supposes  that, 
in  increasing  in  the  same  ratio  the  number  of  favorable 
cases  and  that  of  all  the  cases  possible,  the  probability 
remains  the  same.  In  order  to  convince  ourselves  let 
us  take  two  urns,  A  and  B,  the  first  containing  four 
white  and  two  black  balls,  and  the  second  containing 
only  two  white  balls  and  one  black  one.  We  may 
imagine  the  two  black  balls  of  the  first  urn  attached  by 
a  thread  which  breaks  at  the  moment  when  one  of 
them  is  seized  in  order  to  be  drawn  out,  and  the  four 
white  balls  thus  forming  two  similar  systems.  All  the 
chances  which  will  favor  the  seizure  of  one  of  the  balls 
of  the  black  system  will  lead  to  a  black  ball.  If  we 
conceive  now  that  the  threads  which  unite  the  balls  do 
not  break  at  all,  it  is  clear  that  the  number  of  possible 
chances  will  not  change  any  more  than  that  of  the 
chances  favorable  to  the  extraction  of  the  black  balls; 
but  two  balls  will  be  drawn  from  the  urn  at  the  same 
time ;  the  probability  of  drawing  a  black  ball  from  the 
urn  A  will  then  be  the  same  as  at  first.  But  then  we 
have  obviously  the  case  of  urn  B  with  the  single  differ- 
ence that  the  three  balls  of  this  last  urn  would  be 
replaced  by  three  systems  of  two  balls  invariably  con- 
nected. 

When  all  the  cases  are  favorable  to  an  event  the 
probability  changes  to  certainty  and  its  expression 
becomes  equal  to  unity.     Upon  this  condition,  certainty 
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and  probability  are  comparable,  although  there  may  be 
an  essential  difference  between  the  two  states  of  the 
mind  when  a  truth  is  rigorously  demonstrated  to  it,  or 
when  it  still  perceives  a  small  source  of  error. 

In  things  which  are  only  probable  the  difference  of 
the  data,  which  each  man  has  in  regard  to  them,  is  one 
of  the  principal  causes  of  the  diversity  of  opinions  which 
prevail  in  regard  to  the  same  objects.  Let  us  suppose, 
for  example,  that  we  have  three  urns,  A,  B,  C,  one  of 
which  contains  only  black  balls  while  the  two  others 
contain  only  white  balls;,  a  ball  is  to  be  drawn  from 
the  urn  C  and  the  probability  is  demanded  that  this 
ball  will  be  black.  If  we  do  not  know  which  of  the 
three  urns  contains  black  balls  only,  so  that  there  is  no 
reason  to  believe  that  it  is  C  rather  than  B  or  A,  these 
three  hypotheses  will  appear  equally  possible,  and  since 
a  black  ball  can  be  drawn  only  in  the.  first  hypothesis, 
the  probability  of  drawing  it  is  equal  to  one  third.  If 
it  is  known  that  the  urn  A  contains  white  balls  only, 
the  indecision  then  extends  only  to  the  urns  B  and  C, 
and  the  probability  that  the  ball  drawn  from  the  urn  C 
will  be  black  is  one  half.  Finally  this  probability 
changes  to  certainty  if  we  are  assured  that  the  urns  A 
and  B  contain  white  balls  only. 

It  is  thus  that  an  incident  related  to  a  numerous 
assembly  finds  various  degrees  of  credence,  according 
to  the  extent  of  knowledge  of  the  auditors.  If  the 
man  who  reports  it  is  fully  convinced  of  it  and  if,  by 
his  position  and  character,  he  inspires  great  confidence, 
his  statement,  however  extraordinary  it  may  be,  will 
have  for  the  auditors  who  lack  information  the  same 
degree  of  probability  as  an  ordinary  statement  made 
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by  the  same  man,  and  they  will  have  entire  faith  in  it. 
But  if  some  one  of  them  knows  that  the  same  incident 
is  rejected  by  other  equally  trustworthy  men,  he  will 
be  in  doubt  and  the  incident  will  be  discredited  by  the 
enlightened  auditors,  who  will  reject  it  whether  it  be 
in  regard  to  facts  well  averred  or  the  immutable  laws 
of  nature. 

It  is  to  the  influence  of  the  opinion  of  those  whom 
the  multitude  judges  best  informed  and  to  whom  it  has 
been  accustomed  to  give  its  confidence  in  regard  to 
the  most  important  matters  of  life  that  the  propagation 
of  those  errors  is  due  which  in  times  of  ignorance  have 
covered  the  face  of  the  earth.  Magic  and  astrology 
offer  us  two  great  examples.  These  errors  inculcated 
in  infancy,  adopted  without  examination,  and  having 
for  a  basis  only  universal  credence,  have  maintained 
themselves  during  a  very  long  time;  but  at  last  the 
progress  of  science  has  destroyed  them  in  the  minds  of 
enlightened  men,  whose  opinion  consequently  has 
caused  them  to  disappear  even  among  the  common 
people,  through  the  power  of  imitation  and  habit  which 
had  so  generally  spread  them  abroad.  This  power, 
the  richest  resource  of  the  moral  world,  establishes  and 
conserves  in  a  whole  nation  ideas  entirely  contrary  to 
those  which  it  upholds  elsewhere  with  the  same 
authority.  What  indulgence  ought  we  not  then  to 
have  for  opinions  different  from  ours,  when  this  differ- 
ence often  depends  only  upon  the  various  points  of  view 
where  circumstances  have  placed  us!  Let  us  enlighten 
those  whom  we  judge  insufficiently  instructed ;  but  first 
let  us  examine  critically  our  own  opinions  and  weigh 
with  impartiality  their  respective  probabilities. 
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The  difference  of  opinions  depends,  however,  upon 
the  manner  in  which  the  influence  of  known  data  is 
determined.  The  theory  of  probabilities  holds  to  con- 
siderations so  delicate  that  it  is  not  surprising  that  with 
the  same  data  two  persons  arrive  at  different  results, 
especially  in  very  complicated  questions.  Let  us 
examine  now  the  general  principles  of  this  theory. 


CHAPTER   III. 

THE  GENERAL    PRINCIPLES  OF   THE    CALCULUS 
OF  PROBABILITIES. 

First  Principle. — The  first  of  these  principles  is  the 
definition  itself  of  probability,  which,  as  has  been  seen, 
is  the  ratio  of  the  number  of  favorable  cases  to  that  of 
all  the  cases  possible. 

Second  Principle. — But  that  supposes  the  various 
cases  equally  possible.  If  they  are  not  so,  we  will 
determine  first  their  respective  possibilities,  whose 
exact  appreciation  is  one  of  the  most  delicate  points  of 
the  theory  of  chance.  Then  the  probability  will  be 
the  sum  of  the  possibilities  of  each  favorable  case. 
Let  us  illustrate  this  principle  by  an  example. 

Let  us  suppose  that  we  throw  into  the  air  a  large 
and  very  thin  coin  whose  two  large  opposite  faces, 
which  we  will  call  heads  and  tails,  are  perfectly  similar. 
Let  us  find  the  probability  of  throwing  heads  at  least 
one  time  in  two  throws.  It  is  clear  that  four  equally 
possible  cases  may  arise,  namely,  heads  at  the  first 
and  at  the  second  throw ;  heads  at  the  first  throw  and 
tails  at  the  second ;  tails  at  the  first  throw  and  heads 
at  the  second;   finally,  tails  at  both  throws.      The  first 
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three  cases  are  favorable  to  the  event  whose  probability 
is  sought;  consequently  this  probability  is  equal  to  |; 
so  that  it  is  a  bet  of  three  to  one  that  heads  will  be 
thrown  at  least  once  in  two  throws. 

We  can  count  at  this  game  only  three  different  cases, 
namely,  heads  at  the  first  throw,  which  dispenses  with 
throwing  a  second  time;  tails  at  the  first  throw  and 
heads  at  the  second ;  finally,  tails  at  the  first  and  at  the 
second  throw.  This  would  reduce  the  probability  to 
■§  if  we  should  consider  with  d'Alembert  these  three 
cases  as  equally  possible.  But  it  is  apparent  that  the 
probability  of  throwing  heads  at  the  first  throw  is  £, 
while  that  of  the  two  other  cases  is  ^,  the  first  case 
being  a  simple  event  which  corresponds  to  two  events 
combined :  heads  at  the  first  and  at  the  second  throw, 
and  heads  at  the  first  throw,  tails  at  the  second.  If 
we  then,  conforming  to  the  second  principle,  add  the 
possibility  ^  of  heads  at  the  first  throw  to  the  possi- 
bility \  of  tails  at  the  first  throw  and  heads  at  the 
second,  we  shall  have  £  for  the  probability  sought, 
which  agrees  with  what  is  found  in  the  supposition 
when  we  play  the  two  throws.  This  supposition  does 
not  change  at  all  the  chance  of  that  one  who  bets  on 
this  event;  it  simply  serves  to  reduce  the  various  cases 
to  the  cases  equally  possible. 

Third  Principle. — One  of  the  most  important  points 
of  the  theory  of  probabilities  and  that  which  lends  the 
most  to  illusions  is  the  manner  in  which  these  prob- 
abilities increase  or  diminish  by  their  mutual  combina- 
tion. If  the  events  are  independent  of  one  another,  the 
probability  of  their  combined  existence  is  the  product 
of  their  respective  probabilities.      Thus  the  probability 
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of  throwing  one  ace  with  a  single  die  is  ^;  that  of 
throwing  two  aces  in  throwing  two  dice  at  the  same 
time  is  -£■$.  Each  face  of  the  one  being  able  to  com- 
bine with  the  six  faces  of  the  other,  there  are  in  fact 
thirty-six  equally  possible  cases,  among  which  one 
single  case  gives  two  aces.  Generally  the  probability 
that  a  simple  event  in  the  same  circumstances  will 
occur  consecutively  a  given  number  of  times  is  equal  to 
the  probability  of  this  simple  event  raised  to  the  power 
indicated  by  this  number.  Having  thus  the  successive 
powers  of  a  fraction  less  than  unity  diminishing  without 
ceasing,  an  event  which  depends  upon  a  series  of  very 
great  probabilities  may  become  extremely  improbable. 
Suppose  then  an  incident  be  transmitted  to  us  by 
twenty  witnesses  in  such  manner  that  the  first  has 
transmitted  it  to  the  second,  the  second  to  the  third, 
and  so  on.  Suppose  again  that  the  probability  of  each 
testimony  be  equal  to  the  fraction  T9¥;  that  of  the 
incident  resulting  from  the  testimonies  will  be  less 
than  -§-.  We  cannot  better  compare  this  diminution  of 
the  probability  than  with  the  extinction  of  the  light  of 
objects  by  the  interposition  of  several  pieces  of  glass. 
A  relatively  small  number  of  pieces  suffices  to  take 
away  the  view  of  an  object  that  a  single  piece  allows 
us  to  perceive  in  a  distinct  manner.  The  historians  do 
not  appear  to  have  paid  sufficient  attention  to  this 
degradation  of  the  probability  of  events  when  seen 
across  a  great  number  of  successive  generations;  many 
historical  events  reputed  as  certain  would  be  at  least 
doubtful  if  they  were  submitted  to  this  test. 

In  the  purely  mathematical  sciences  the  most  distant 
consequences  participate  in  the  certainty  of  the  princi- 
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pie  from  which  they  are  derived.  In  the  applications 
of  analysis  to  physics  the  results  have  all  the  certainty 
of  facts  or  experiences.  But  in  the  moral  sciences, 
where  each  inference  is  deduced  from  that  which  pre- 
cedes it  only  in  a  probable  manner,  however  probable 
these  deductions  may  be,  the  chance  of  error  increases 
with  their  number  and  ultimately  surpasses  the  chance 
of  truth  in  the  consequences  very  remote  from  the 
principle. 

Fourtli  Principle. — When  two  events  depend  upon 
each  other,  the  probability  of  the  compound  event  is 
the  product  of  the  probability  of  the  first  event  and  the 
probability  that,  this  event  having  occurred,  the  second 
will  occur.  Thus  in  the  preceding  case  of  the  three 
urns  A,  B,  C,  of  which  two  contain  only  white  balls 
and  one  contains  only  black  balls,  the  probability  of 
drawing  a  white  ball  from  the  urn  C  is  -§,  since  of  the 
three  urns  only  two  contain  balls  of  that  color.  But 
when  a  white  ball  has  been  drawn  from  the  urn  C,  the 
indecision  relative  to  that  one  of  the  urns  which  contain 
only  black  balls  extends  only  to  the  urns  A  and  B ; 
the  probability  of  drawing  a  white  ball  from  the  urn  B 
is  \ ;  the  product  of  \  by  \,  or  \,  is  then  the  probability 
of  drawing  two  white  balls  at  one  time  from  the  urns 
B  and  C. 

We  see  by  this  example  the  influence  of  past  events 
upon  the  probability  of  future  events.  For  the  prob- 
ability of  drawing  a  white  ball  from  the  urn  B,  which 
primarily  is  f ,  becomes  \  when  a  white  ball  has  been 
drawn  from  the  urn  C ;  it  would  change  to  certainty  if 
a  black  ball  had  been  drawn  from  the  same  urn.  We 
will  determine  this  influence  by  means  of  the  follow- 
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ing  principle,  which  is  a  corollary  of  the  preceding 
one. 
£r  Fifth  Principle. — If  we  calculate  a  priori  the  prob- 
ability of  the  occurred  event  and  the  probability  of  an 
event  composed  of  that  one  and  a  second  one  which  is 
expected,  the  second  probability  divided  by  the  first 
will  be  the  probability  of  the  event  expected,  drawn 
from  the  observed  event. 

Here  is  presented  the  question  raised  by  some 
philosophers  touching  the  influence  of  the  past  upon 
the  probability  of  the  future.  Let  us  suppose  at  the 
play  of  heads  and  tails  that  heads  has  occurred  oftener 
than  tails.  By  this  alone  we  shall  be  led  to  believe 
that  in  the  constitution  of  the  coin  there  is  a  secret 
cause  which  favors  it.  Thus  in  the  conduct  of  life 
constant  happiness  is  a  proof  of  competency  which 
should  induce  us  to  employ  preferably  happy  persons. 
But  if  by  the  unreliability  of  circumstances  we  are  con- 
stantly brought  back  to  a  state  of  absolute  indecision, 
if,  for  example,  we  change  the  coin  at  each  throw  at  the 
play  of  heads  and  tails,  the  past  can  shed  no  light  upon 
the  future  and  it  would  be  absurd  to  take  account  of  it. 

Sixth  Principle. — Each  of  the  causes  to  which  an 
observed  event  may  be  attributed  is  indicated  with  just 
as  much  likelihood  as  there  is  probability  that  the  event  ^ 
will  take  place,  supposing  the  event  to  be  constant. 
The  probability  of  the  existence  of  any  one  of  these 
causes  is  then  a  fraction  whose  numerator  is  the  prob- 
ability of  the  event  resulting  from  this  cause  and  whose 
denominator  is  the  sum  of  the  similar  probabilities 
relative  to  all  the  causes;  if  these  various  causes,  con- 
sidered a  priori,  are  unequally  probable,  it  is  necessary, 
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in  place  of  the  probability  of  the  event  resulting  from 
each  cause,  to  employ  the  product  of  this  probability 
by  the  possibility  of  the  cause  itself.  This  is  the  funda- 
mental principle  of  this  branch  of  the  analysis  of  chances 
which  consists  in  passing  from  events  to  causes. 

This  principle  gives  the  reason  why  we  attribute 
regular  events  to  a  particular  cause.  Some  philosophers 
have  thought  that  these  events  are  less  possible  than 
others  and  that  at  the  play  of  heads  and  tails,  for 
example,  the  combination  in  which  heads  occurs  twenty 
successive  times  is  less  easy  in  its  nature  than  those 
where  heads  and  tails  are  mixed  in  an  irregular  manner. 
But  this  opinion  supposes  that  past  events  have  an 
influence  on  the  possibility  of  future  events,  which  is 
not  at  all  admissible.  The  regular  combinations  occur 
more  rarely  only  because  they  are  less  numerous.  If 
we  seek  a  cause  wherever  we  perceive  symmetry,  it  is 
not  that  we  regard  a  symmetrical  event  as  less  possible 
than  the  others,  but,  since  this  event  ought  to  be  the 
effect  of  a  regular  cause  or  that  of  chance,  the  first  of 
these  suppositions  is  more  probable  than  the  second. 
On  a  table  we  see  letters  arranged  in  this  order, 
Constantinople,  and  we  judge  that  this  arrange- 
ment is  not  the  result  of  chance,  not  because  it  is  less 
possible  than  the  others,  for  if  this  word  were  not 
employed  in  any  language  we  should  not  suspect  it 
came  from  any  particular  cause,  but  this  word  being  in 
use  among  us,  it  is  incomparably  more  probable  that 
some  person  has  thus  arranged  the  aforesaid  letters 
than  that  this  arrangement  is  due  to  chance. 

This  is  the  place  to  define  the  word  extraordinary. 
We  arrange  in  our  thought  all  possible  events  in  various 


CALCULUS   OF  PROBABILITIES.  i? 

classes;  and  we  regard  as  extraordinary  those  classes 
which  include  a  very  small  number.  Thus  at  the  play 
of  heads  and  tails  the  occurrence  of  heads  a  hundred 
successive  times  appears  to  us  extraordinary  because  of 
the  almost  infinite  number  of  combinations  which  may 
occur  in  a  hundred  throws ;  and  if  we  divide  the  com- 
binations into  regular  series  containing  an  order  easy 
to  comprehend,  and  into  irregular  series,  the  latter  are 
incomparably  more  numerous.  The  drawing  of  a 
white  ball  from  an  urn  which  among  a  million  balls 
contains  only  one  of  this  color,  the  others  being  black, 
would  appear  to  us  likewise  extraordinary,  because  we 
form  only  two  classes  of  events  relative  to  the  two 
colors.  But  the  drawing  of  the  number  475813,  for 
example,  from  an  urn  that  contains  a  million  numbers 
seems  to  us  an  ordinary  event;  because,  comparing 
individually  the  numbers  with  one  another  without 
dividing  them  into  classes,  we  have  no  reason  to 
believe  that  one  of  them  will  appear  sooner  than  the 
others. 

From  what  precedes,  we  ought  generally  to  conclude 
that  the  more  extraordinary  the  event,  the  greater  the 
need  of  its  being  supported  by  strong  proofs.  For 
those  who  attest  it,  being  able  to  deceive  or  to  have 
been  deceived,  these  two  causes  are  as  much  more 
probable  as  the  reality  of  the  event  is  less.  We  shall 
see  this  particularly  when  we  come  to  speak  of  the 
probability  of  testimony. 

\fc  Seventh  Principle.  — The  probability  of  a  future  event 
is  the  sum  of  the  products  of  the  probability  of  each 
cause,  drawn  from  the  event  observed,  by  the  prob- 
ability that,  this   cause  existing,  the  future  event  will 
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occur.  The  following  example  will  illustrate  this 
principle. 

Let  us  imagine  an  urn  which  contains  only  two  balls, 
each  of  which  may  be  either  white  or  black.  One  of 
these  balls  is  drawn  and  is  put  back  into  the  urn  before 
proceeding  to  a  new  draw.  Suppose  that  in  the  first 
two  draws  white  balls  have  been  drawn ;  the  prob- 
ability of  again  drawing  a  white  ball  at  the  third  draw 
is  required. 

Only  two  hypotheses  can  be  made  here :  either  one 
of  the  balls  is  white  and  the  other  black,  or  both  are 
white.  In  the  first  hypothesis  the  probability  of  the 
event  observed  is  \;  it  is  unity  or  certainty  in  the 
second.  Thus  in  regarding  these  hypotheses  as  so 
many  causes,  we  shall  have  for  the  sixth  principle 
jf  and  |  for  their  respective  probabilities.  But  if  the 
first  hypothesis  occurs,  the  probability  of  drawing  a 
white  ball  at  the  third  draw  is  | ;  it  is  equal  to  certainty 
in  the  second  hypothesis ;  multiplying  then  the  last 
probabilities  by  those  of  the  corresponding  hypotheses, 
the  sum  of  the  products,  or  T9¥,  will  be  the  probability 
of  drawing  a  white  ball  at  the  third  draw. 

When  the  probability  of  a  single  event  is  unknown 
we  may  suppose  it  equal  to  any  value  from  zero  to 
unity.  The  probability  of  each  of  these  hypotheses, 
drawn  from  the  event  observed,  is,  by  the  sixth  prin- 
ciple, a  fraction  whose  numerator  is  the  probability  of 
the  event  in  this  hypothesis  and  whose  denominator  is 
the  sum  of  the  similar  probabilities  relative  to  all  the 
hypotheses.  Thus  the  probability  that  the  possibility 
of  the  event  is  comprised  within  given  limits  is  the  sum 
of  the  fractions  comprised  within  these  limits.      Now  if 
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wc  multiply  each  fraction  by  the  probability  of  the 
future  event,  determined  in  the  corresponding  hypothe- 
sis, the  sum  of  the  products  relative  to  all  the  hypotheses 
will  be,  by  the  seventh  principle,  the  probability  of  the 
future  event  drawn  from  the  event  observed.  Thus 
we  find  that  an  event  having  occurred  successively  any 
number  of  times,  the  probability  that  it  will  happen 
again  the  next  time  is  equal  to  this  number  increased 
by  unity  divided  by  the  same  number,  increased  by 
two  units.  Placing  the  most  ancient  epoch  of  history 
at  five  thousand  years  ago,  or  at  182623  days,  and  the 
sun  having  risen  constantly  in  the  interval  at  each 
revolution  of  twenty-four  hours,  it  is  a  bet  of  18262  14 
to  one  that  it  will  rise  again  to-morrow.  But  this 
number  is  incomparably  greater  for  him  who,  recogniz- 
ing in  the  totality  of  phenomena  the  principal  regulator 
of  days  and  seasons,  sees  that  nothing  at  the  present 
moment  can  arrest  the  course  of  it. 

Buffon  in  his  Political  Arithmetic  calculates  differently 
the  preceding  probability.  He  supposes  that  it  differs 
from  unity  only  by  a  fraction  whose  numerator  is  unity 
and  whose  denominator  is  the  number  2  raised  to  a 
power  equal  to  the  number  of  days  which  have  elapsed 
since  the  epoch.  But  the  true  manner  of  relating 
past  events  with  the  probability  of  causes  and  of  future 
events  was  unknown  to  this  illustrious  writer. 


CHAPTER   IV. 
CONCERNING  HOPE. 

The  probability  of  events  serves  to  determine  the 
hope  or  the  fear  of  persons  interested  in  their  exist- 
ence. The  word  hope  has  various  acceptations;  it 
expresses  generally  the  advantage  of  that  one  who 
expects  a  certain  benefit  in  suppositions  which  are  only 
probable.  This  advantage  in  the  theory  of  chance  is 
a  product  of  the  sum  hoped  for  by  the  probability  of 
obtaining  it;  it  is  the  partial  sum  which  ought  to  result 
when  we  do  not  wish  to  run  the  risks  of  the  event  in 
supposing  that  the  division  is  made  proportional  to  the 
probabilities.  This  division  is  the  only  equitable  one 
when  all  strange  circumstances  are  eliminated;  because 
an  equal  degree  of  probability  gives  an  equal  right  to 
the  sum  hoped  for.  We  will  call  this  advantage 
mathematical  hope. 
O,  Eighth  Principle. — When  the  advantage  depends  on 
several  events  it  is  obtained  by  taking  the  sum  of  the 
products  of  the  probability  of  each  event  by  the  benefit 
attached  to  its  occurrence. 

Let  us  apply  this  principle  to  some  examples.      Let 

20 


CONCERNING  HOPE.  21 

us  suppose  that  at  the  play  of  heads  and  tails  Paul 
receives  two  francs  if  he  throws  heads  at  the  first  throw 
and  five  francs  if  he  throws  it  only  at  the  second. 
Multiplying  two  francs  by  the  probability  £  of  the  first 
case,  and  five  francs  by  the  probability  £  of  the  second 
case,  the  sum  of  the  products,  or  two  and  a  quarter 
francs,  will  be  Paul's  advantage.  It  is  the  sum  which 
he  ought  to  give  in  advance  to  that  one  who  has  given 
him  this  advantage;  for,  in  order  to  maintain  the 
equality  of  the  play,  the  throw  ought  to  be  equal  to 
the  advantage  which  it  procures. 

If  Paul  receives  two  francs  by  throwing  heads  at  the 
first  and  five  francs  by  throwing  it  at  the  second  throw, 
whether  he  has  thrown  it  or  not  at  the  first,  the  prob- 
ability of  throwing  heads  at  the  second  throw  being  £, 
multiplying  two  francs  and  five  francs  by  £  the  sum  of 
these  products  will  give  three  and  one  half  francs  for 
Paul's  advantage  and  consequently  for  his  stake  at  the 
game. 
h  Ninth  Principle. — In  a  series  of  probable  events  of 
which  the  ones  produce  a  benefit  and  the  others  a  loss, 
we  shall  have  the  advantage  which  results  from  it  by 
making  a  sum  of  the  products  of  the  probability  of  each 
favorable  event  by  the  benefit  which  it  procures^and 
subtracting  from  this  sum  that  of  the  products  of  the 
probability  of  each  unfavorable  event  by  the  loss  which 
is  attached  to  itfi  If  the  second  sum  is  greater  than  the 
first,  the  benefit  becomes  a  loss  and  hope  is  changed  to 
fear. 

Consequently  we  ought  always  in  the  conduct  of  life 
to  make  the  product  of  the  benefit  hoped  for,  by  its 
probability,  at  least  equal  to  the  similar  product  relative 
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to  the  loss.  But  it  is  necessary,  in  order  to  attain  this, 
to  appreciate  exactly  the  advantages,  the  losses,  and 
their  respective  probabilities.  For  this  a  great  accuracy 
of  mind,  a  delicate  judgment,  and  a  great  experience 
in  affairs  is  necessary;  it  is  necessary  to  know  how  to 
guard  one's  self  against  prejudices,  illusions  of  fear  or 
hope,  and  erroneous  ideas,  ideas  of  fortune  and  happi- 
ness, with  which  the  majority  of  people  feed  their  self- 
love. 

The  application  of  the  preceding  principles  to  the 
following  question  has  greatly  exercised  the  geometri- 
cians. Paul  plays  at  heads  and  tails  with  the  condition 
of  receiving  two  francs  if  he  throws  heads  at  the  first 
throw,  four  francs  if  he  throws  it  only  at  the  second 
throw,  eight  francs  if  he  throws  it  only  at  the  third, 
and  so  on.  His  stake  at  the  play  ought  to  be,  accord- 
ing to  the  eighth  principle,  equal  to  the  number  of 
throws,  so  that  if  the  game  continues  to  infinity  the 
stake  ought  to  be  infinite.  However,  no  reasonable 
man  would  wish  to  risk  at  this  game  even  a  small  sum, 
for  example  five  francs.  Whence  comes  this  differ- 
ence between  the  result  of  calculation  and  the  indication 
of  common  sense  ?  We  soon  recognize  that  it  amounts 
to  this :  that  rhe  moral  advantage  which  a  benefit  pro- 
cures for  us  is  not  proportional  to  this  benefit  and  that 
it  depends  upon  a  thousand  circumstances,  often  very 
difficult  to  define,  but  of  which  the  most  general  and 
most  important  is  that  of  fortune. 

Indeed  it  is  apparent  that  one  franc  has  much  greater 
value  for  him  who  possesses  only  a  hundred  than  for  a 
millionaire.  We  ought  then  to  distinguish  in  the 
hoped-for  benefit  its  absolute  from  its  relative  value. 
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But  the  latter  is  regulated  by  the  motives  which  make 
it  desirable,  whereas  the  first  is  independent  of  them. 
The  general  principle  for  appreciating  this  relative 
value  cannot  be  given,  but  here  is  one  proposed  by 
Daniel  Bernoulli  which  will  serve  in  many  cases. 
ilTenth  Principle. — The  relative  value  of  an  infinitely 
small  sum  is  equal  to  its  absolute  value  divided  by  the 
total  benefit  of  the  person  interested.  This  supposes 
that  every  one  has  a  certain  benefit  whose  value  can 
never  be  estimated  as  zero.  Indeed  even  that  one  who 
possesses  nothing  always  gives  to  the  product  of  his 
labor  and  to  his  hopes  a  value  at  least  equal  to  that 
which  is  absolutely  necessary  to  sustain  him. 

If  we  apply  analysis  to  the  principle  just  propounded, 
we  obtain  the  following  rule:  Let  us  designate  by  unity 
the  part  of  the  fortune  of  an  individual,  independent  of 
his  expectations.  If  we  determine  the  different  values 
that  this  fortune  may  have  by  virtue  of  these  expecta- 
tions and  their  probabilities,  the  product  of  these  values 
raised  respectively  to  the  powers  indicated  by  their 
probabilities  will  be  the  physical  fortune  which  would 
procure  for  the  individual  the  same  moral  advantage 
which  he  receives  from  the  part  of  his  fortune  taken  as 
unity  and  from  his  expectations ;  by  subtracting  unity 
from  the  product,  the  difference  will  be  the  increase  of 
the  physical  fortune  due  to  expectations :  we  will  call 
this  increase  moral  hope.  It  is  easy  to  see  that  it  coin- 
cides with  mathematical  hope  when  the  fortune  taken 
as  unity  becomes  infinite  in  reference  to  the  variations 
which  it  receives  from  the  expectations.  But  when 
these  variations  are  an  appreciable  part  of  this  unity 
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the  two  hopes  may  differ  very  materially  among  them- 
selves. 

This  rule  conduces  to  results  conformable  to  the 
indications  of  common  sense  which  can  by  this  means 
be  appreciated  with  some  exactitude.  Thus  in  the 
preceding  question  it  is  found  that  if  the  fortune  of 
Paul  is  two  hundred  francs,  he  ought  not  reasonably  to 
stake  more  than  nine  francs.  The  same  rule  leads  us 
again  to  distribute  the  danger  over  several  parts  of  a 
benefit  expected  rather  than  to  expose  the  entire  benefit 
to  this  danger.  It  results  similarly  that  at  the  fairest 
game  the  loss  is  always  greater  than  the  gain.  Let 
us  suppose,  for  example,  that  a  player  having  a  fortune 
of  one  hundred  francs  risks  fifty  at  the  play  of  heads  and 
tails;  his  fortune  after  his  stake  at  the  play  will  be 
reduced  to  eighty-seven  francs,  that  is  to  say,  this  last 
sum  would  procure  for  the  player  the  same  moral 
advantage  as  the  state  of  his  fortune  after  the  stake. 
The  play  is  then  disadvantageous  even  in  the  case 
where  the  stake  is  equal  to  the  product  of  the  sum 
hoped  for,  by  its  probability.  We  can  judge  by  this 
of  the  immorality  of  games  in  which  the  sum  hoped  for 
is  below  this  product.  They  subsist  only  by  false 
reasonings  and  by  the  cupidity  which  they  excite  and 
which,  leading  the  people  to  sacrifice  their  necessaries 
to  chimerical  hopes  whose  improbability  they  are  not 
in  condition  to  appreciate,  are  the  source  of  an  infinity 
of  evils. 

The  disadvantage  of  games  of  chance,  the  advantage 
of  not  exposing  to  the  same  danger  the  whole  benefit 
that  is  expected,  and  all  the  similar  results  indicated  by 
common  sense,  subsist,  whatever  may  be  the  function 
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of  the  physical  fortune  which  for  each  individual 
expresses  his  moral  fortune.  It  is  enough  that  the 
proportion  of  the  increase  of  this  function  to  the 
increase  of  the  physical  fortune  diminishes  in  the 
measure  that  the  latter  increases. 


CHAPTER   V. 

CONCERNING    THE   ANALYTICAL   METHODS    OF 
THE  CALCULUS  OF  PROBABILITIES. 

THE  application  of  the  principle  which  we  have  just 
expounded  to  the  various  questions  of  probability 
requires  methods  whose  investigation  has  given  birth 
to  several  methods  of  analysis  and  especially  to  the 
theory  of  combinations  and  to  the  calculus  of  finite 
differences. 

If  we  form  the  product  of  the  binomials,  unity  plus 
the  first  letter,  unity  plus  the  second  letter,  unity  plus 
the  third  letter,  and  so  on  up  to  n  letters,  and  sub- 
tract unity  from  this  developed  product,  the  result 
will  be  the  sum  of  the  combination  of  all  these  letters 
taken  one  by  one,  two  by  two,  three  by  three,  etc., 
each  combination  having  unity  for  a  coefficient.  In 
order  to  have  the  number  of  combinations  of  these  ;/ 
letters  taken  s  by  s  times,  we  shall  observe  that  if  we 
suppose  these  letters  equal  among  themselves,  the  pre- 
ceding product  will  become  the  ;/th  power  of  the 
binomial  one  plus  the  first  letter;  thus  the  number  of 
combinations  of;/  letters  taken  s  by  s  times  will  be  the 
coefficient  of  the  sth  power  of  the   first  letter  in  the 
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development    in    this    binomial ;    and    this    number    is 
obtained  by  means  of  the  known  binomial  formula. 

Attention  must  be  paid  to  the  respective  situations 
of  the  letters  in  each  combination,  observing  that  if  a 
second  letter  is  joined  to  the  first  it  may  be  placed  in 
the  first  or  second  position  which  gives  two  combina- 
tions. If  we  join  to  these  combinations  a  third  letter, 
we  can  give  it  in  each  combination  the  first,  the  second, 
and  the  third  rank  which  forms  three  combinations 
relative  to  each  of  the  two  others,  in  all  six  combina- 
tions. From  this  it  is  easy  to  conclude  that  the 
number  of  arrangements  of  which  s  letters  are  suscepti- 
ble is  the  product  of  the  numbers  from  unity  to  jr.  In 
order  to  pay  regard  to  the  respective  positions  of  the 
letters  it  is  necessary  then  to  multiply  by  this  product 
the  number  of  combinations  of  //  letters  s  by  s  times, 
which  is  tantamount  to  taking  away  the  denominator 
of  the  coefficient  of  the  binomial  which  expresses  this 
number. 

Let  us  imagine  a  lottery  composed  of  n  numbers,  of 
which  r  are  drawn  at  each  draw.  The  probability  is 
demanded  of  the  drawing  of  s  given  numbers  in  one 
draw.  To  arrive  at  this  let  us  form  a  fraction  whose 
denominator  will  be  the  number  of  all  the  cases  possi- 
ble or  of  the  combinations  of  n  letters  taken  r  by  r 
times,  and  whose  numerator  will  be  the  number  of  all 
the  combinations  which  contain  the  given  s  numbers. 
This  last  number  is  evidently  that  of  the  combinations 
of  the  other  numbers  taken  n  less  s  by  n  less  s  times. 
This  fraction  will  be  the  required  probability,  and  we 
shall  easily  find  that  it  can  be  reduced  to  a  fraction 
whose  numerator  is  the  number  of  combinations  of  r 
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numbers  taken  s  by  s  times,  and  whose  denominator  is 
the  number  of  combinations  of  n  numbers  taken 
similarly  s  by  s  times.  Thus  in  the  lottery  of  France, 
formed  as  is  known  of  90  numbers  of  which  five  are 
drawn  at  each  draw,  the  probability  of  drawing  a  given 
combination  is  -£$,  or  TlE;  the  lottery  ought  then  for  the 
equality  of  the  play  to  give  eighteen  times  the  stake. 
The  total  number  of  combinations  two  by  two  of  the 
90  numbers  is  4005,  and  that  of  the  combinations  two 
by  two  of  5  numbers  is  10.  The  probability  of  the 
drawing  of  a  given  pair  is  then  ToVb">  anc*  tne  lottery 
ought  to  give  four  hundred  and  a  half  times  the  stake ; 
it  ought  to  give  11748  times  for  a  given  tray,  51 1038 
times  for  a  quaternary,  and  43949268  times  for  a  quint. 
The  lottery  is  far  from  giving  the  player  these  advan- 
tages. 

Suppose  in  an  urn  a  white  balls,  b  black  balls,  and 
after  having  drawn  a  ball  it  is  put  back  into  the  urn ; 
the  probability  is  asked  that  in  n  number  of  draws  m 
white  balls  and  n  —  m  black  balls  will  be  drawn.  It 
is  clear  that  the  number  of  cases  that  may  occur  at 
each  drawing  is  a  -f-  b.  Each  case  of  the  second 
drawing  being  able  to  combine  with  all  the  cases  of  the 
first,  the  number  of  possible  cases  in  two  drawings  is 
the  square  of  the  binomial  a  -\-  b.  In  the  development 
of  this  square,  the  square  of  a  expresses  the  number  of 
cases  in  which  a  white  ball  is  twice  drawn,  the  double 
product  of  a  by  b  expresses  the  number  of  cases  in 
which  a  white  ball  and  a  black  ball  are  drawn.  Finally, 
the  square  of  b  expresses  the  number  of  cases  in  which 
two  black  balls  are  drawn.  Continuing  thus,  we  see 
generally  that  the   ;/th  power  of  the   binomial  a  -f-  b 
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expresses  the  number  of  all  the  cases  possible  in  n 
draws;  and  that  in  the  development  of  this  power  the 
term  multiplied  by  the  mth.  power  of  a  expresses  the 
number  of  cases  in  which  m  white  balls  and  n  —  vi 
black  balls  may  be  drawn.  Dividing  then  this  term 
by  the  entire  power  of  the  binomial,  we  shall  have  the 
probability  of  drawing  m  white  balls  and  n  —  m  black 
balls.  The  ratio  of  the  numbers  a  and  a  -\-  b  being 
the  probability  of  drawing  one  white  ball  at  one  draw; 
and  the  ratio  of  the  numbers  b  and  a  -\-  b  being  the 
probability  of  drawing  one  black  ball ;  if  we  call  these 
probabilities/  and  q,  the  probability  of  drawing  m  white 
balls  in  n  draws  will  be  the  term  multiplied  by  the  ;;zth 
power  of/  in  the  development  of  the  nth.  power  of  the 
binomial  p  -\-  q ;  we  may  see  that  the  sum  p  -f-  q  is 
unity.  This  remarkable  property  of  the  binomial  is 
very  useful  in  the  theory  of  probabilities.  But  the 
most  general  and  direct  method  of  resolving  questions 
of  probability  consists  in  making  them  depend  upon 
equations  of  differences.  Comparing  the  successive 
conditions  of  the  function  which  expresses  the  prob- 
ability when  we  increase  the  variables  by  their  respect- 
ive differences,  the  proposed  question  often  furnishes  a 
very  simple  proportion  between  the  conditions.  This 
proportion  is  what  is  called  equation  of  ordinary  or 
partial  differentials ;  ordinary  when  there  is  only  one 
variable,  partial  when  there  are  several.  Let  us  con- 
sider some  examples  of  this. 

Three  players  of  supposed  equal  ability  play  together 
on  the  following  conditions :  that  one  of  the  first  two 
players  who  beats  his  adversary  plays  the  third,  and  if 
he  beats  him  the  game  is  finished.    If  he  is  beaten,  the 
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victor  plays  against  the  second  until  one  of  the  players 
has  defeated  consecutively  the  two  others,  which  ends 
the  game.  The  probability  is  demanded  that  the  game 
will  be  finished  in  a  certain  number  n  of  plays.  Let 
us  find  the  probability  that  it  will  end  precisely  at  the 
nth  play.  For  that  the  player  who  wins  ought  to  enter 
the  game  at  the  play  n  —  \  and  win  it  thus  at  the  fol- 
lowing play.  But  if  in  place  of  winning  the  play  n  —  i 
he  should  be  beaten  by  his  adversary  who  had  just 
beaten  the  other  player,  the  game  would  end  at  this 
play.  Thus  the  probability  that  one  of  the  players  will 
enter  the  game  at  the  play  n  —  I  and  will  win  it  is 
equal  to  the  probability  that  the  game  will  end  pre- 
cisely with  this  play;  and  as  this  player  ought  to  win 
the  following  play  in  order  that  the  game  may  be 
finished  at  the  ;zth  play,  the  probability  of  this  last  case 
will  be  only  one  half  of  the  preceding  one.  This 
probability  is  evidently  a  function  of  the  number  n\  this 
function  is  then  equal  to  the  half  of  the  same  function 
when  n  is  diminished  by  unity.  This  equality  forms 
one  of  those  equations  called  ordinary  finite  differential 
equations. 

We  may  easily  determine  by  its  use  the  probability 
that  the  game  will  end  precisely  at  a  certain  play.  It 
is  evident  that  the  play  cannot  end  sooner  than  at  the 
second  play;  and  for  this  it  is  necessary  that  that  one 
of  the  first  two  players  who  has  beaten  his  adversary 
should  beat  at  the  second  play  the  third  player ;  the 
probability  that  the  game  will  end  at  this  play  is  \ . 
Hence  by  virtue  of  the  preceding  equation  we  conclude 
that  the  successive  probabilities  of  the  end  of  the  game 
are  \  for  the  third  play,  \  for  the  fourth  play,  and  so 
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on ;  and  in  general  £  raised  to  the  power  ;/  —  I  for  the 
nth.  play.  The  sum  of  all  these  powers  of  \  is  unity 
less  the  last  of  these  powers ;  it  is  the  probability  that 
the  game  will  end  at  the  latest  in  n  plays. 

Let  us  consider  again  the  first  problem  more  difficult 
which  may  be  solved  by  probabilities  and  which  Pascal 
proposed  to  Fermat  to  solve.  Two  players,  A  and  B, 
of  equal  skill  play  together  on  the  conditions  that  the 
one  who  first  shall  beat  the  other  a  given  number  of 
times  shall  win  the  game  and  shall  take  the  sum  of  the 
stakes  at  the  game;  after  some  throws  the  players 
agree  to  quit  without  having  finished  the  game :  we  ask 
in  what  manner  the  sum  ought  to  be  divided  between 
them.  It  is  evident  that  the  parts  ought  to  be  propor- 
tional to  the  respective  probabilities  of  winning  the 
game.  The  question  is  reduced  then  to  the  determina- 
tion of  these  probabilities.  They  depend  evidently 
upon  the  number  of  points  which  each  player  lacks  of 
having  attained  the  given  number.  Hence  the  prob- 
ability of  A  is  a  function  of  the  two  numbers  which  we 
will  call  indices.  If  the  two  players  should  agree  to 
play  one  throw  more  (an  agreement  which  does  not 
change  their  condition,  provided  that  after  this  new 
throw  the  division  is  always  made  proportionally  to  the 
new  probabilities  of  winning  the  game),  then  either  A 
would  win  this  throw  and  in  that  case  the  number  of 
points  which  he  lacks  would  be  diminished  by  unity, 
or  the  player  B  would  win  it  and  in  that  case  the 
number  of  points  lacking  to  this  last  player  would  be 
less  by  unity.  But  the  probability  of  each  of  these 
cases  is  \\  the  function  sought  is  then  equal  to  one  half 
of  this  function  in  which  we  diminish  by  unity  the  first 
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index  plus  the  half  of  the  same  function  in  which  the 
second  variable  is  diminished  by  unity.  This  equality 
is  one  of  those  equations  called  equations  of  partial 
differentials. 

We  are  able  to  determine  by  its  use  the  probabilities 
of  A  by  dividing  the  smallest  numbers,  and  by  observ- 
ing that  the  probability  or  the  function  which  expresses 
it  is  equal  to  unity  when  the  player  A  does  not  lack  a 
single  point,  or  when  the  first  index  is  zero,  and  that 
this  function  becomes  zero  with  the  second  index.  Sup- 
posing thus  that  the  player  A  lacks  only  one  point,  we 
find  that  his  probability  is  \,  f,  },  etc.,  according  as  B 
lacks  one  point,  two,  three,  etc.  Generally  it  is  then 
unity  less  the  power  of  ■£,  equal  to  the  number  of  points 
which  B  lacks.  We  will  suppose  then  that  the  player 
A  lacks  two  points  and  his  probability  will  be  found 
equal  to  \,  f,  \\,  etc.,  according  as  B  lacks  one  point, 
two  points,  three  points,  etc.  We  will  suppose  again 
that  the  player  A  lacks  three  points,  and  so  on. 

This  manner  of  obtaining  the  successive  values  of  a 
quantity  by  means  of  its  equation  of  differences  is  long 
and  laborious.  The  geometricians  have  sought  methods 
to  obtain  the  general  function  of  indices  that  satisfies 
this  equation,  so  that  for  any  particular  case  we  need 
only  to  substitute  in  this  function  the  corresponding 
values  of  the  indices.  Let  us  consider  this  subject  in 
a  general  way.  For  this  purpose  let  us  conceive  a 
series  of  terms  arranged  along  a  horizontal  line  so  that 
each  of  them  is  derived  from  the  preceding  one  accord- 
ing to  a  given  law.  Let  us  suppose  this  law  expressed 
by  an  equation  among  several  consecutive  terms  and 
their  index,  or  the  number  which  indicates  the  rank  that 
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they  occupy  in  the  series.  This  equation  I  call  the 
equation  of  finite  differences  by  a  single  index.  The 
order  or  the  degree  of  this  equation  is  the  difference  of 
rank  of  its  two  extreme  terms.  We  are  able  by  its  use 
to  determine  successively  the  terms  of  the  series  and  to 
continue  it  indefinitely;  but  for  that  it  is  necessary  to 
know  a  number  of  terms  of  the  series  equal  to  the 
degree  of  the  equation.  These  terms  are  the  arbitrary 
constants  of  the  expression  of  the  general  term  of  the 
series  or  of  the  integral  of  the  equation  of  differences. 

Let  us  imagine  now  below  the  terms  of  the  preceding 
series  a  second  series  of  terms  arranged  horizontally; 
let  us  imagine  again  below  the  terms  of  the  second 
series  a  third  horizontal  series,  and  so  on  to  infinity; 
and  let  us  suppose  the  terms  of  all  these  series  con- 
nected by  a  general  equation  among  several  consecutive 
terms,  taken  as  much  in  the  horizontal  as  in  the  ver- 
tical sense,  and  the  numbers  which  indicate  their  rank 
in  the  two  senses.  This  equation  is  called  the  equation 
of  partial  finite  differences  by  two  indices. 

Let  us  imagine  in  the  same  way  below  the  plan  of 
the  preceding  series  a  second  plan  of  similar  series, 
whose  terms  should  be  placed  respectively  below  those 
of  the  first  plan ;  let  us  imagine  again  below  this  second 
plan  a  third  plan  of  similar  series,  and  so  on  to  infinity; 
let  us  suppose  all  the  terms  of  these  series  connected 
by  an  equation  among  several  consecutive  terms  taken 
in  the  sense  of  length,  width,  and  depth,  and  the  three 
numbers  which  indicate  their  rank  in  these  three  senses. 
This  equation  I  call  the  equation  of  partial  finite  differ- 
ences by  three  indices. 

Finally,  considering  the  matter  in  an  abstract  way 
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and  independently  of  the  dimensions  of  space,  let  us 
imagine  generally  a  system  of  magnitudes,  which  should 
be  functions  of  a  certain  number  of  indices,  and  let  us 
suppose  among  these  magnitudes,  their  relative  differ- 
ences to  these  indices  and  the  indices  themselves,  as 
many  equations  as  there  are  magnitudes ;  these  equa- 
tions will  be  partial  finite  differences  by  a  certain  num- 
ber of  indices. 

We  are  able  by  their  use  to  determine  successively 
these  magnitudes.  But  in  the  same  manner  as  the 
equation  by  a  single  index  requires  for  it  that  we 
known  a  certain  number  of  terms  of  the  series,  so  the 
equation  by  two  indices  requires  that  we  know  one  or 
several  lines  of  series  whose  general  terms  should  be 
expressed  each  by  an  arbitrary  function  of  one  of  the 
indices.  Similarly  the  equation  by  three  indices 
requires  that  we  know  one  or  several  plans  of  series, 
the  general  terms  of  which  should  be  expressed  each 
by  an  arbitrary  function  of  two  indices,  and  so  on.  In 
all  these  cases  we  shall  be  able  by  successive  elimina- 
tions to  determine  a  certain  term  of  the  series.  But 
all  the  equations  among  which  we  eliminate  being 
comprised  in  the  same  system  of  equations,  all  the 
expressions  of  the  successive  terms  which  we  obtain  by 
these  eliminations  ought  to  be  comprised  in  one  general 
expression,  a  function  of  the  indices  which  determine 
the  rank  of  the  term.  This  expression  is  the  integral 
of  the  proposed  equation  of  differences,  and  the  search 
for  it  is  the  object  of  integral  calculus. 

Taylor  is  the  first  who  in  his  work  entitled  Metodus 
incrementorum  has  considered  linear  equations  of  finite 
differences.      He  gives  the  manner  of  integrating  those 
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of  the  first  order  with  a  coefficient  and  a  last  term, 
functions  of  the  index.  In  truth  the  relations  of  the 
terms  of  the  arithmetical  and  geometrical  progressions 
which  have  always  been  taken  into  consideration  are 
the  simplest  cases  of  linear  equations  of  differences ;  but 
they  had  not  been  considered  from  this  point  of  view. 
It  was  one  of  those  which,  attaching  themselves  to 
general  theories,  lead  to  these  theories  and  are  conse- 
quently veritable  discoveries. 

About  the  same  time  Moivre  was  considering  under 
the  name  of  recurring  series  the  equations  of  finite 
differences  of  a  certain  order  having  a  constant  coeffi- 
cient. He  succeeded  in  integrating  them  in  a  very 
ingenious  manner.  As  it  is  always  interesting  to  follow 
the  progress  of  inventors,  I  shall  expound  the  method 
of  Moivre  by  applying  it  to  a  recurring  series  whose 
relation  among  three  consecutive  terms  is  given.  First 
he  considers  the  relation  among  the  consecutive  terms 
of  a  geometrical  progression  or  the  equation  of  two 
terms  which  expresses  it.  Referring  it  to  terms  less 
than  unity,  he  multiplies  it  in  this  state  by  a  constant 
factor  and  subtracts  the  product  from  the  first  equation. 
Thus  he  obtains  an  equation  among  three  consecutive 
terms  of  the  geometrical  progression.  Moivre  considers 
next  a  second  progression  whose  ratio  of  terms  is  the 
same  factor  which  he  has  just  used.  He  diminishes 
similarly  by  unity  the  index  of  the  terms  of  the  equa- 
tion of  this  new  progression.  In  this  condition  he 
multiplies  it  by  the  ratio  of  the  terms  of  the  first  pro- 
gression, and  he  subtracts  the  product  from  the  equation 
of  the  second  progression,  which  gives  him  among  three 
consecutive  terms  of  this  progression  a  relation  entirely 
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similar  to  that  which  he  has  found  for  the  first  progres- 
sion. Then  he  observes  that  if  one  adds  term  by  term 
the  two  progressions,  the  same  ratio  exists  among  any 
three  of  these  consecutive  terms.  He  compares  the 
coefficients  of  this  ratio  to  those  of  the  relation  of  the 
terms  of  the  proposed  recurrent  series,  and  he  finds  for 
determining  the  ratios  of  the  two  geometrical  progres- 
sions an  equation  of  the  second  degree,  whose  roots  are 
these  ratios.  Thus  Moivre  decomposes  the  recurrent 
series  into  two  geometrical  progressions,  each  multi- 
plied by  an  arbitrary  constant  which  he  determines  by 
means  of  the  first  two  terms  of  the  recurrent  series. 
This  ingenious  process  is  in  fact  the  one  that  d' Alembert 
has  since  employed  for  the  integration  of  linear  equa- 
tions of  infinitely  small  differences  with  constant  coeffi- 
cients, and  Lagrange  has  transformed  into  similar 
equations  of  finite  differences. 

Finally,  I  have  considered  the  linear  equations  of 
partial  finite  differences,  first  under  the  name  of  recurro- 
recurrent  series  and  afterwards  under  their  own  name. 
The  most  general  and  simplest  manner  of  integrating 
all  these  equations  appears  to  me  that  which  I  have 
based  upon  the  consideration  of  discriminant  functions, 
the  idea  of  which  is  here  given. 

If  we  conceive  a  function  V  of  a  variable  t  developed 
according  to  the  powers  of  this  variable,  the  coefficient 
of  any  one  of  these  powers  will  be  a  function  of  the 
exponent  or  index  of  this  power,  which  index  I  shall 
call  x.  V  is  what  I  call  the  discriminant  function  of 
this  coefficient  or  of  the  function  of  the  index. 

Now  if  we  multiply  the  series  of  the  development  of 
V  by  a  function  of  the  same  variable,  such,  for  example, 
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as  unity  plus  two  times  this  variable,  the  product  will 
be  a  new  discriminant  function  in  which  the  coefficient 
of  the  power  x  of  the  variable  t  will  be  equal  to  the 
coefficient  of  the  same  power  in  V  plus  twice  the 
coefficient  of  the  power  less  unity.  Thus  the  function 
of  the  index  x  in  the  product  will  be  equal  to  the  func- 
tion of  the  index  x  in  V  plus  twice  the  same  function 
in  which  the  index  is  diminished  by  unity.  This  func- 
tion of  the  index  x  is  thus  a  derivative  of  the  function 
of  the  same  index  in  the  development  of  V,  a  function 
which  I  shall  call  the  primitive  function  of  the  index. 
Let  us  designate  the  derivative  function  by  the  letter  S 
placed  before  the  primitive  function.  The  derivation 
indicated  by  this  letter  will  depend  upon  the  multiplier 
of  V,  which  we  will  call  T  and  which  we  will  suppose 
developed  like  V  by  the  ratio  to  the  powers  of  the 
variable  t.     If  we  multiply  anew  by  T  the  product  of 

V  by  T,  which  is  equivalent  to  multiplying  V  by  T2, 
we  shall  form  a  third  discriminant  function,  in  which 
the  coefficient  of  the  ;rth  power  of  t  will  be  a  derivative 
similar  to  the  corresponding  coefficient  of  the  preceding 
product ;  it  may  be  expressed  by  the  same  character  d 
placed  before  the  preceding  derivative,  and  then  this 
character  will  be  written  twice  before  the  primitive 
function  of  x.  -But  in  place  of  writing  it  thus  twice  we 
give  it  2  for  an  exponent. 

Continuing  thus,  we  see  generally  that  if  we  multiply 

V  by  the  nth.  power  of  T,  we  shall  have  the  coefficient 
of  the  .arth  power  of  /  in  the  product  of  V  by  the  nth 
power  of  T  by  placing  before  the  primitive  function  the 
character  8  with  n  for  an  exponent. 

Let  us  suppose,  for  example,  that  T  be  unity  divided 
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by  t\  then  in  the  product  of  V  by  T  the  coefficient  of 
the  .rth  power  of  t  will  be  the  coefficient  of  the  power 
greater  by  unity  in  V;  this  coefficient  in  the  product 
of  V  by  the  7zth  power  of  T  will  then  be  the  primitive 
function  in  which  x  is  augmented  by  n  units. 

Let  us  consider  now  a  new  function  Z  of  t,  developed 
like  V  and  T  according  to  the  powers  of  /;  let  us 
designate  by  the  character  A  placed  before  the  primi- 
tive function  the  coefficient  of  the  .rth  power  of  t  in  the 
product  of  V  by  Z;  this  coefficient  in  the  product  of  V 
by  the  ;zth  power  of  Z  will  be  expressed  by  the  char- 
acter A  affected  by  the  exponent  n  and  placed  before 
the  primitive  function  of  x. 

If,  for  example,  Z  is  equal  to  unity  divided  by  /  less 
one,  the  coefficient  of  the  ;trth  power  of  /  in  the  product 
of  V  by  Z  will  be  the  coefficient  of  the  x  -\-  I  power 
of  /  in  V  less  the  coefficient  of  the  ;rth  power.  It  will 
be  then  the  finite  difference  of  the  primitive  function  of 
the  index  x.  Then  the  character  A  indicates  a  finite 
difference  of  the  primitive  function  in  the  case  where 
the  index  varies  by  unity;  and  the  nXh  power  of  this 
character  placed  before  the  primitive  function  will  indi- 
cate the  finite  wth  difference  of  this  function.  If  we 
suppose  that  T  be  unity  divided  by  t,  we  shall  have  J 
equal  to  the  binomial  Z  -f-  I .  The  product  of  V  by 
the  «th  power  of  T  will  then  be  equal  to  the  product 
of  V  by  the  ?/th  power  of  the  binomial  Z  -\-  I .  Develop- 
ing this  power  in  the  ratio  of  the  powers  of  Z,  the 
product  of  V  by  the  various  terms  of  this  development 
will  be  the  discriminant  functions  of  these  same  terms 
in  which  we  substitute  in  place  of  the  powers  of  Z  the 
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corresponding  finite  differences  of  the  primitive  function 
of  the  index. 

Now  the  product  of  V  by  the  «th  power  of  T  is  the 
primitive  function  in  which  the  index  x  is  augmented 
by  n  units ;  repassing  from  the  discriminant  functions 
to  their  coefficients,  we  shall  have  this  primitive  function 
thus  augmented  equal  to  the  development  of  the  nth 
power  of  the  binomial  Z  -\-  I,  provided  that  in  this 
development  we  substitute  in  place  of  the  powers  of  Z 
the  corresponding  differences  of  the  primitive  function 
and  that  we  multiply  the  independent  term  of  these 
powers  by  the  primitive  function.  We  shall  thus 
obtain  the  primitive  function  whose  index  is  augmented 
by  any  number  n  by  means  of  its  differences. 

Supposing  that  T  and  Z  always  have  the  preceding 
values,  we  shall  have  Z  equal  to  the  binomial  T  —  i ; 
the  product  of  V  by  the  nth  power  of  Z  will  then  be 
equal  to  the  product  of  V  by  the  development  of  the 
?zth  power  of  the  binomial  T  —  I .  Repassing  from  the 
discriminant  functions  to  their  coefficients'  as  has  just 
been  done,  we  shall  have  the  nth  difference  of  the 
primitive  function  expressed  by  the  development  of  the 
nth  power  of  the  binomial  T  —  I ,  in  which  we  substi- 
tute for  the  powers  of  T  this  same  function  whose  index 
is  augmented  by  the  exponent  of  the  power,  and  for 
the  independent  term  of  /,  which  is  unity,  the  primitive 
function,  which  gives  this  difference  by  means  of  the 
consecutive  terms  of  this  function. 

Placing  S  before  the  primitive  function  expressing  the 
derivative  of  this  function,  which  multiplies  the  x  power 
of  t  in  the  product  of  V  by  T,  and  A  expressing  the 
same  derivative  in  the  product  of  V  by  Z,  we  are  led 
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by  that  which  precedes  to  this  general  result:  whatever 
may  be  the  function  of  the  variable  t  represented  by  T 
and  Z,  we  may,  in  the  development  of  all  the  identical 
equations  susceptible  of  being  formed  among  these 
functions,  substitute  the  characters  6  and  d  in  place  of 
T  and  Z,  provided  that  we  write  the  primitive  function 
of  the  index  in  series  with  the  powers  and  with  the 
products  of  the  powers  of  the  characters,  and  that  we 
multiply  by  this  function  the  independent  terms  of  these 
characters. 

We  are  able  by  means  of  this  general  result  to  trans- 
form any  certain  power  of  a  difference  of  the  primitive 
function  of  the  index  x,  in  which  x  varies  by  unity,  into 
a  series  of  differences  of  the  same  function  in  which  x 
varies  by  a  certain  number  of  units  and  reciprocally. 
Let  us  suppose  that  T  be  the  i  power  of  unity  divided 
by  t  —  i,  and  that  Z  be  always  unity  divided  by  t  —  I ; 
then  the  coefficient  of  the  x  power  of  t  in  the  pro- 
duct of  V  by  T  will  be  the  coefficient  of  the  x  -\-  i 
power  of  /  in  V  less  the  coefficient  of  the  x  power  of  t\ 
it  will  then  be  the  finite  difference  of  the  primitive 
function  of  the  index  x  in  which  we  vary  this  index  by 
the  number  /'.  It  is  easy  to  see  that  T  is  equal  to  the 
difference  between  the  i  power  of  the  binomial  Z  -\-  I 
and  unity.  The  #th  power  of  T  is  equal  to  the  «th 
power  of  this  difference.  If  in  this  equality  we  substi- 
tute in  place  of  T  and  Z  the  characters  6  and  A,  and 
after  the  development  we  place  at  the  end  of  each  term 
the  primitive  function  of  the  index  xy  we  shall  have  the 
nth  difference  of  this  function  in  which  x  varies  by  i 
units  expressed  by  a  series  of  differences  of  the  same 
function   in   which  x  varies  by  unity.      This   series  is 
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only  a  transformation  of  the  difference  which  it 
expresses  and  which  is  identical  with  it;  but  it  is  in 
similar  transformations  that  the  power  of  analysis 
resides. 

The  generality  of  analysis  permits  us  to  suppose  in 
this  expression  that  n  is  negative.  Then  the  negative 
powers  of  d  and  A  indicate  the  integrals.  Indeed  the 
«th  difference  of  the  primitive  function  having  for  a 
discriminant  function  the  product  of  V  by  the  «th  power 
of  the  binomial  one  divided  by  /  less  unity,  the  primi- 
tive function  which  is  the  ;/th  integral  of  this  difference 
has  for  a  discriminant  function  that  of  the  same  differ- 
ence multiplied  by  the  «th  power  taken  less  than  the 
binomial  one  divided  by  t  minus  one,  a  power  to  which 
the  same  power  of  the  character  A  corresponds ;  this 
power  indicates  then  an  integral  of  the  same  order,  the 
index  x  varying  by  unity;  and  the  negative  powers  of 
3  indicate  equally  the  integrals  x  varying  by  i  units. 
We  see,  thus,  in  the  clearest  and  simplest  manner  the 
rationality  of  the  analysis  observed  among  the  positive 
powers  and  differences,  and  among  the  negative  powers 
and  the  integrals. 

If  the  function  indicated  by  S  placed  before  the 
primitive  function  is  zero,  we  shall  have  an  equation  of 
finite  differences,  and  Fwill  be  the  discriminant  function 
of  its  integral.  In  order  to  obtain  this  discriminant 
function  we  shall  observe  that  in  the  product  of  V  by 
T  all  the  powers  of  t  ought  to  disappear  except  the 
powers  inferior  to  the  order  of  the  equation  of  differ- 
ences; V  is  then  equal  to  a  fraction  whose  denominator 
is  T  and  whose  numerator  is  a  polynomial  in  which  the 
highest  power  of  t  is  less  by  unity  than  the  order  of  the 
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equation  of  differences.  The  arbitrary  coefficients  of 
the  various  powers  of  t  in  this  polynomial,  including 
the  power  zero,  will  be  determined  by  as  many  values 
of  the  primitive  function  of  the  index  when  we  make 
successively  x  equal  to  zero,  to  one,  to  two,  etc. 
When  the  equation  of  differences  is  given  we  determine 
T  by  putting  all  its  terms  in  the  first  member  and  zero 
in  the  second;  by  substituting  in  the  first  member  unity 
in  place  of  the  function  which  has  the  largest  index; 
the  first  power  of  t  in  place  of  the  primitive  function  in 
which  this  index  is  diminished  by  unity;  the  second 
power  of  t  for  the  primitive  function  where  this  index 
is  diminished  by  two  units,  and  so  on.  The  coefficient 
of  the  .rth  power  of  t  in  the  development  of  the  preced- 
ing expression  of  V  will  be  the  primitive  function  of  x 
or  the  integral  of  the  equation  of  finite  differences. 
Analysis  furnishes  for  this  development  various  means, 
among  which  we  may  choose  that  one  which  is  most 
suitable  for  the  question  proposed ;  this  is  an  advantage 
of  this  method  of  integration. 

Let  us  conceive  now  that  V  be  a  function  of  the  two 
variables  /  and  t'  developed  according  to  the  powers 
and  products  of  these  variables ;  the  coefficient  of  any 
product  of  the  powers  x  and  x'  of  /  and  /'  will  be  a 
function  of  the  exponents  or  indices  x  and  x'  of  these 
powers;  this  function  I  shall  call  the  primitive  function 
of  which  V  is  the  discriminant  function. 

Let  us  multiply  V  by  a  function  T  of  the  two 
variables  /  and  t'  developed  like  V  in  ratio  of  the 
powers  and  the  products  of  these  variables  ;  the  product 
will  be  the  discriminant  function  of  a  derivative  of  the 
primitive  function;   if   T,  for  example,  is  equal  to  the 
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variable  t  plus  the  variable  t'  minus  two,  this  derivative 
will  be  the  primitive  function  of  which  we  diminish  by 
unity  the  index  x  plus  this  same  primitive  function  of 
which  we  diminish  by  unity  the  index  x'  less  two 
times  the  primitive  function.  Designating  whatever  T 
may  be  by  the  character  d  placed  before  the  primitive 
function,  this  derivative,  the  product  of  V  by  the  nth. 
power  of  T,  will  be  the  discriminant  function  of  the 
derivative  of  the  primitive  function  before  which  one 
places  the  nth  power  of  the  character  tf.  Hence  result 
the  theorems  analogous  to  those  which  are  relative  to 
functions  of  a  single  variable. 

Suppose  the  function  indicated  by  the  character  6  be 
zero;  one  will  have  an  equation  of  partial  differences. 
If,  for  example,  we  make  as  before  T  equal  to  the 
variable  t  plus  the  variable  t'  —  2,  we  have  zero  equal 
to  the  primitive  function  of  which  we  diminish  by  unity 
the  index  x  plus  the  same  function  of  which  we  diminish 
by  unity  the  index  x'  minus  two  times  the  primitive 
function.  The  discriminant  function  V  of  the  primitive 
function  or  of  the  integral  of  this  equation  ought  then 
to  be  such  that  its  product  by  T  does  not  include  at 
all  the  products  of  t  by  t' ;  but  Vmay  include  separately 
the  powers  of  /  and  those  of  t' ,  that  is  to  say,  an  arbi- 
trary function  of  t  and  an  arbitrary  function  of  /';  V  is 
then  a  fraction  whose  numerator  is  the  sum  of  these  two 
arbitrary  functions  and  whose  denominator  is  T.  The 
coefficient  of  the  product  of  the  -rth  power  of  t  by  the 
x'  power  of  f  in  the  development  of  this  fraction  will 
then  be  the  integral  of  the  preceding  equation  of  partial 
differences.  This  method  of  integrating  this  kind  of 
equations  seems  to  me  the  simplest  and  the  easiest  by 
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the  employment  of  the  various  analytical  processes  for 
the  development  of  rational  fractions. 

More  ample  details  in  this  matter  would  be  scarcely 
understood  without  the  aid  of  calculus. 

Considering  equations  of  infinitely  small  partial 
differences  as  equations  of  finite  partial  differences  in 
which  nothing  is  neglected,  we  are  able  to  throw  light 
upon  the  obscure  points  of  their  calculus,  which  have 
been  the  subject  of  great  discussions  among  geometri- 
cians. It  is  thus  that  I  have  demonstrated  the  possi- 
bility of  introducing  discontinued  functions  in  their 
integrals,  provided  that  the  discontinuity  takes  place 
only  for  the  differentials  of  the  order  of  these  equations 
or  of  a  superior  order.  The  transcendent  results  of 
calculus  are,  like  all  the  abstractions  of  the  understand- 
ing, general  signs  whose  true  meaning  may  be  ascer- 
tained only  by  repassing  by  metaphysical  analysis  to 
the  elementary  ideas  which  have  led  to  them ;  this 
often  presents  great  difficulties,  for  the  human  mind 
tries  still  less  to  transport  itself  into  the  future  than  to 
retire  within  itself.  The  comparison  of  infinitely  small 
differences  with  finite  differences  is  able  similarly  to 
shed  great  light  upon  the  metaphysics  of  infinitesimal 
calculus. 

It  is  easily  proven  that  the  finite  ;zth  difference  of  a 
function  in  which  the  increase  of  the  variable  is  E 
being  divided  by  the  ;/th  power  of  E,  the  quotient 
reduced  in  series  by  ratio  to  the  powers  of  the  increase 
E  is  formed  by  a  first  term  independent  of  E.  In  the 
measure  that  E  diminishes,  the  series  approaches  more 
and  more  this  first  term  from  which  it  can  differ  only 
by    quantities    less    than    any    assignable     magnitude. 
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This  term  is  then  the  limit  of  the  series  and  expresses 
in  differential  calculus  the  infinitely  small  nth.  difference 
of  the  function  divided  by  the  «th  power  of  the  infinitely 
small  increase. 

Considering  from  this  point  of  view  the  infinitely 
small  differences,  we  see  that  the  various  operations  of 
differential  calculus  amount  to  comparing  separately  in 
the  development  of  identical  expressions  the  finite 
terms  or  those  independent  of  the  increments  of  the 
variables  which  are  regarded  as  infinitely  small ;  this 
is  rigorously  exact,  these  increments  being  indetermi- 
nant.  Thus  differential  calculus  has  all  the  exactitude 
of  other  algebraic  operations. 

The  same  exactitude  is  found  in  the  applications  of 
differential  calculus  to  geometry  and  mechanics.  If 
we  imagine  a  curve  cut  by  a  secant  at  two  adjacent 
points,  naming  E  the  interval  of  the  ordinates  of  these 
two  points,  E  will  be  the  increment  of  the  abscissa  from 
the  first  to  the  second  ordinate.  It  is  easy  to  see  that 
the  corresponding  increment  of  the  ordinate  will  be  the 
product  of  E  by  the  first  ordinate  divided  by  its  sub- 
secant;  augmenting  then  in  this  equation  of  the  curve 
the  first  ordinate  by  this  increment,  we  shall  have  the 
equation  relative  to  the  second  ordinate.  The  differ- 
ence of  these  two  equations  will  be  a  third  equation 
which,  developed  by  the  ratio  of  the  powers  of  E  and 
divided  by  E,  will  have  its  first  term  independent  of  E, 
which  will  be  the  limit  of  this  development.  This 
term,  equal  to  zero,  will  give  then  the  limit  of  the  sub- 
secants,  a  limit  which  is  evidently  the  subtangent. 

This  singularly  happy  method  of  obtaining  the  sub- 
tangent   is   due  to  Fermat,  who  has  extended   it   to 
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transcendent  curves.  This  great  geometrician  ex- 
presses by  the  character  E  the  increment  of  the 
abscissa;  and  considering  only  the  first  power  of  this 
increment,  he  determines  exactly  as  we  do  by  differen- 
tial calculus  the  subtangents  of  the  curves,  their  points 
of  inflection,  the  maxima  and  minima  of  their  ordinates, 
and  in  general  those  of  rational  functions.  We  see 
likewise  by  his  beautiful  solution  of  the  problem  of  the 
refraction  of  light  inserted  in  the  Collection  of  the 
Letters  of  Descartes  that  he  knows  how  to  extend  his 
methods  to  irrational  functions  in  freeing  them  from 
irrationalities  by  the  elevation  of  the  roots  to  powers. 
Fermat  should  be  regarded,  then,  as  the  true  discoverer 
of  Differential  Calculus.  Newton  has  since  rendered  this 
calculus  more  analytical  in  his  MetJiod  of  Fluxions,  and 
simplified  and  generalized  the  processes  by  his  beautiful 
theorem  of  the  binomial.  Finally,  about  the  same  time 
Leibnitz  has  enriched  differential  calculus  by  a  nota- 
tion which,  by  indicating  the  passage  from  the  finite  to 
the  infinitely  small,  adds  to  the  advantage  of  express- 
ing the  general  results  of  calculus  that  of  giving  the 
first  approximate  values  of  the  differences  and  of  the 
sums  of  the  quantities;  this  notation  is  adapted  of  itself 
to  the  calculus  of  partial  differentials. 

We  are  often  led  to  expressions  which  contain  so 
many  terms  and  factors  that  the  numerical  substitutions 
are  impracticable.  This  takes  place  in  questions  of 
probability  when  we  consider  a  great  number  of  events. 
Meanwhile  it  is  necessary  to  have  the  numerical  value 
of  the  formulae  in  order  to  know  with  what  probability 
the  results  are  indicated,  which  the  events  develop  by 
multiplication.      It  is  necessary  especially  to  have  the 
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law  according  to  which  this  probability  continually 
approaches  certainty,  which  it  will  finally  attain  if  the 
number  of  events  were  infinite.  In  order  to  obtain  this 
law  I  considered  that  the  definite  integrals  of  differen- 
tials multiplied  by  the  factors  raised  to  great  powers 
would  give  by  integration  the  formulae  composed  of 
a  great  number  of  terms  and  factors.  This  remark 
brought  me  to  the  idea  of  transforming  into  similar 
integrals  the  complicated  expressions  of  analysis  and 
the  integrals  of  the  equation  of  differences.  I  fulfilled 
this  condition  by  a  method  which  gives  at  the  same 
time  the  function  comprised  under  the  integral  sign 
and  the  limits  of  the  integration.  It  offers  this  remark- 
able thing,  that  the  function  is  the  same  discriminant 
function  of  the  expressions  and  the  proposed  equations ; 
this  attaches  this  method  to  the  theory  of  discriminant 
functions  of  which  it  is  thus  the  complement.  Further, 
it  would  only  be  a  question  of  reducing  the  definite 
integral  to  a  converging  series.  This  I  have  obtained 
by  a  process  which  makes  the  series  converge  with  as 
much  more  rapidity  as  the  formula  which  it  represents 
is  more  complicated,  so  that  it  is  more  exact  as  it 
becomes  more  necessary.  Frequently  the  series  has 
for  a  factor  the  square  root  of  the  ratio  of  the  circum- 
ference to  the  diameter;  sometimes  it  depends  upon 
other  transcendents  whose  number  is  infinite. 

An  important  remark  which  pertains  to  great  gen- 
erality of  analysis,  and  which  permits  us  to  extend  this 
method  to  formulae  and  to  equations  of  difference  which 
the  theory  of  probability  presents  most  frequently,  is 
that  the  series  to  which  one  comes  by  supposing  the 
limits  of  the  definite  integrals  to  be  real  and  positive 
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take  place  equally  in  the  case  where  the  equation  which 
determines  these  limits  has  only  negative  or  imaginary 
roots.  These  passages  from  the  positive  to  the  nega- 
tive and  from  the  real  to  the  imaginary,  of  which  I  first 
have  made  use,  have  led  me  further  to  the  values  of 
many  singular  definite  integrals,  which  I  have  accord- 
ingly demonstrated  directly.  We  may  then  consider 
these  passages  as  a  means  of  discovery  parallel  to 
induction  and  analogy  long  employed  by  geometricians, 
at  first  with  an  extreme  reserve,  afterwards  with  entire 
confidence,  since  a  great  number  of  examples  has 
justified  its  use.  In  the  mean  time  it  is  always  necessary 
to  confirm  by  direct  demonstrations  the  results  obtained 
by  these  divers  means. 

I  have  named  the  ensemble  of  the  preceding  methods 
the  Calculus  of  Discriminant  Functions;  this  calculus 
serves  as  a  basis  for  the  work  which  I  have  published 
under  the  title  of  the  Analytical  Theory  of  Probabilities. 
It  is  connected  with  the  simple  idea  of  indicating  the 
repeated  multiplications  of  a  quantity  by  itself  or  its 
entire  and  positive  powers  by  writing  toward  the  top  of 
the  letter  which  expresses  it  the  numbers  which  mark 
the  degrees  of  these  powers. 

This  notation,  employed  by  Descartes  in  his  Geometry 
and  generally  adopted  since  the  publication  of  this 
important  work,  is  a  little  thing,  especially  when  com- 
pared with  the  theory  of  curves  and  variable  functions 
by  which  this  great  geometrician  has  established  the 
foundations  of  modern  calculus.  But  the  language  of 
analysis,  most  perfect  of  all,  being  in  itself  a  powerful 
instrument  of  discoveries,  its  notations,  especially  when 
they  are  necessary  and  happily  conceived,  are  so  many 
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germs  of  new  calculi.      This  is  rendered  appreciable  by 
this  example. 

Wallis,  who  in  his  work  entitled  Arithmetica  Infini- 
torum,  one  of  those  which  have  most  contributed  to  the 
progress  of  analysis,  has  interested  himself  especially 
in  following  the  thread  of  induction  and  analogy,  con- 
sidered that  if  one  divides  the  exponent  of  a  letter  by 
two,  three,  etc.,  the  quotient  will  be  accordingly  the 
Cartesian  notation,  and  when  division  is  possible  the 
exponent  of  the  square,  cube,  etc.,  root  of  the  quantity 
which  represents  the  letter  raised  to  the  dividend 
exponent.  Extending  by  analogy  this  result  to  the 
case  where  division  is  impossible,  he  considered  a 
quantity  raised  to  a  fractional  exponent  as  the  root  of 
the  degree  indicated  by  the  denominator  of  this  frac- 
tion— namely,  of  the  quantity  raised  to  a  power  indi- 
cated by  the  numerator.  He  observed  then  that, 
according  to  the  Cartesian  notation,  the  multiplication 
of  two  powers  of  the  same  letter  amounts  to  adding 
their  exponents,  and  that  their  division  amounts  to 
subtracting  the  exponents  of  the  power  of  the  divisor 
from  that  of  the  power  of  the  dividend,  when  the  second 
of  these  exponents  is  greater  than  the  first.  Wallis 
extended  this  result  to  the  case  where  the  first 
exponent  is  equal  to  or  greater  than  the  second,  which 
makes  the  difference  zero  or  negative.  He  supposed 
then  that  a  negative  exponent  indicates  unity  divided 
by  the  quantity  raised  to  the  same  exponent  taken 
positively.  These  remarks  led  him  to  integrate 
generally  the  monomial  differentials,  whence  he  inferred 
the  definite  integrals  of  a  particular  kind  of  binomial 
differentials    whose    exponent    is    a    positive    integral 
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number.  The  observation  then  of  the  law  of  the  num- 
bers which  express  these  integrals,  a  series  of  inter- 
polations and  happy  inductions  where  one  perceives 
the  germ  of  the  calculus  of  definite  integrals  which  has 
so  much  exercised  geometricians  and  which  is  one  of 
the  fundaments  of  my  new  Theory  of  Probabilities, 
gave  him  the  ratio  of  the  area  of  the  circle  to  the  square 
of  its  diameter  expressed  by  an  infinite  product,  which, 
when  one  stops  it,  confines  this  ratio  to  limits  more  and 
more  converging;  this  is  one  of  the  most  singular 
results  in  analysis.  But  it  is  remarkable  that  Wallis, 
who  had  so  well  considered  the  fractional  exponents 
of  radical  powers,  should  have  continued  to  note  these 
powers  as  had  been  done  before  him.  Newton  in  his 
Letters  to  Oldembourg,  if  I  am  not  mistaken,  was  the 
first  to  employ  the  notation  of  these  powers  by  frac- 
tional exponents.  Comparing  by  the  way  of  induction, 
of  which  Wallis  had  made  such  a  beautiful  use,  the 
exponents  of  the  powers  of  the  binomial  with  the 
coefficients  of  the  terms  of  its  development  in  the  case 
where  this  exponent  is  integral  and  positive,  he  deter- 
mined the  law  of  these  coefficients  and  extended  it  by 
analogy  to  fractional  and  negative  powers.  These 
various  results,  based  upon  the  notation  of  Descartes, 
show  his  influence  on  the  progress  of  analysis.  It  has 
still  the  advantage  of  giving  the  simplest  and  fairest 
idea  of  logarithms,  which  are  indeed  only  the  exponents 
of  a  magnitude  whose  successive  powers,  increasing  by 
infinitely  small  degrees,  can  represent  all  numbers. 

But  the  most  important  extension  that  this  notation 
has  received  is  that  of  variable  exponents,  which  con- 
stitutes exponential  calculus,  one  of  the  most  fruitful 
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branches  of  modern  analysis.  Leibnitz  was  the  first 
to  indicate  the  transcendents  by  variable  exponents,  and 
thereby  he  has  completed  the  system  of  elements  of 
which  a  finite  function  can  be  composed;  for  every 
finite  explicit  function  of  a  variable  may  be  reduced  in 
the  last  analysis  to  simple  magnitudes,  combined  by 
the  method  of  addition,  subtraction,  multiplication,  and 
division  and  raised  to  constant  or  variable  powers. 
The  roots  of  the  equations  formed  from  these  elements 
are  the  implicit  functions  of  the  variable.  It  is  thus 
that  a  variable  has  for  a  logarithm  the  exponent  of  the 
power  which  is  equal  to  it  in  the  series  of  the  powers 
of  the  number  whose  hyperbolic  logarithm  is  unity,  and 
the  logarithm  of  a  variable  of  it  is  an  implicit  function. 
Leibnitz  thought  to  give  to  his  differential  character 
the  same  exponents  as  to  magnitudes ;  but  then  in  place 
of  indicating  the  repeated  multiplications  of  the  same 
magnitude  these  exponents  indicate  the  repeated  differ- 
entiations of  the  same  function.  This  new  extension 
of  the  Cartesian  notation  led  Leibnitz  to  the  analogy  of 
positive  powers  with  the  differentials,  and  the  negative 
powers  with  the  integrals.  Lagrange  has  followed  this 
singular  analogy  in  all  its  developments;  and  by  series 
of  inductions  which  may  be  regarded  as  one  of  the 
most  beautiful  applications  which  have  ever  been  made 
of  the  method  of  induction  he  has  arrived  at  general 
formulae  which  are  as  curious  as  useful  on  the  trans- 
formations of  differences  and  of  integrals  the  ones  into 
the  others  when  the  variables  have  divers  finite  incre- 
ments and  when  these  increments  are  infinitely  small. 
But  he  has  not  given  the  demonstrations  of  it  which 
appear  to  him   difficult.      The  theory  of  discriminant 
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functions  extends  the  Cartesian  notations  to  some  of  its 
characters;  it  shows  with  proof  the  analogy  of  the 
powers  and  operations  indicated  by  these  characters; 
so  that  it  may  still  be  regarded  as  the  exponential 
calculus  of  characters.  All  that  concerns  the  series  and 
the  integration  of  equations  of  differences  springs  from 
it  with  an  extreme  facility. 


PART  II. 

APPLICATIONS  OF  THE  CALCULUS    OF 
PROBABILITIES. 


CHAPTER   VI. 

GAMES  OF  CHANCE. 

The  combinations  which  games  present  were  the 
object  of  the  first  investigations  of  probabilities.  In  an 
infinite  variety  of  these  combinations  many  of  them 
lend  themselves  readily  to  calculus ;  others  require  more 
difficult  calculi;  and  the  difficulties  increasing  in  the 
measure  that  the  combinations  become  more  compli- 
cated, the  desire  to  surmount  them  and  curiosity  have 
excited  geometricians  to  perfect  more  and  more  this 
kind  of  analysis.  It  has  been  seen  already  that  the 
benefits  of  a  lottery  are  easily  determined  by  the  theory 
of  combinations.  But  it  is  more  difficult  to  know  in 
how  many  draws  one  can  bet  one  against  one,  for 
example  that  all  the  numbers  will  be  drawn,  n  being 
the  number  of  numbers,  r  that  of  the  numbers  drawn 
at  each  draw,  and  i  the  unknown  number  of  draws. 
The  expression  of  the  probability  of  drawing  all  the 
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numbers  depends  upon  the  ?zth  finite  difference  of  the  i 
power  of  a  product  of  r  consecutive  numbers.  When 
the  number  n  is  considerable  the  search  for  the  value 
of  i  which  renders  this  probability  equal  to  \  becomes 
impossible  at  least  unless  this  difference  is  converted 
into  a  very  converging  series.  This  is  easily  done  by 
the  method  here  below  indicated  by  the  approxima- 
tions of  functions  of  very  large  numbers.  It  is  found 
thus  since  the  lottery  is  composed  of  ten  thousand 
numbers,  one  of  which  is  drawn  at  each  draw,  that 
there  is  a  disadvantage  in  betting  one  against  one  that 
all  the  numbers  will  be  drawn  in  95767  draws  and  an 
advantage  in  making  the  same  bet  for  95768  draws. 
In  the  lottery  of  France  this  bet  is  disadvantageous  for 
85  draws  and  advantageous  for  86  draws. 

Let  us  consider  again  two  players,  A  and  B,  playing 
together  at  heads  and  tails  in  such  a  manner  that  at 
each  throw  if  heads  turns  up  A  gives  one  counter  to  B, 
who  gives  him  one  if  tails  turns  up;  the  number  of 
counters  of  B  is  limited,  while  that  of  A  is  unlimited, 
and  the  game  is  to  end  only  when  B  shall  have  no  more 
counters.  We  ask  in  how  many  throws  one  should  bet 
one  to  one  that  the  game  will  end.  The  expression 
of  the  probability  that  the  game  will  end  in  an  i  number 
of  throws  is  given  by  a  series  which  comprises  a  great 
number  of  terms  and  factors  if  the  number  of  counters 
of  B  is  considerable ;  the  search  for  the  value  of  the 
unknown  i  which  renders  this  series  \  would  then  be 
impossible  if  we  did  not  reduce  the  same  to  a  very 
convergent  series.  In  applying  to  it  the  method  of 
which  we  have  just  spoken,  we  find  a  very  simple 
expression  for  the  unknown  from  which  it  results  that  if, 
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for  example,  B  has  a  hundred  counters,  it  is  a  bet  of  a 
little  less  than  one  against  one  that  the  game  will  end 
in  23780  throws,  and  a  bet  of  a  little  more  than  one 
against  one  that  it  will  end  in  23781  throws. 

These  two  examples  added  to  those  we  have  already- 
given  are  sufficient  to  shows  how  the  problems  of 
games  have  contributed  to  the  perfection  of  analysis. 


CHAPTER  VII. 

CONCERNING  THE  UNKNOWN  INEQUALITIES 
WHICH  MAY  EXIST  AMONG  CHANCES  WHICH 
ARE  SUPPOSED  EQUAL 

Inequalities  of  this  kind  have  upon  the  results  of 
the  calculation  of  probabilities  a  sensible  influence 
which  deserves  particular  attention.  Let  us  take  the 
game  of  heads  and  tails,  and  let  us  suppose  that  it  is 
equally  easy  to  throw  the  one  or  the  other  side  of  the 
coin.  Then  the  probability  of  throwing  heads  at  the 
first  throw  is  J  and  that  of  throwing  it  twice  in  succes- 
sion is  £.  But  if  there  exist  in  the  coin  an  inequality 
which  causes  one  of  the  faces  to  appear  rather  than  the 
other  without  knowing  which  side  is  favored  by  this 
inequality,  the  probability  of  throwing  heads  at  the  first 
throw  will  always  be  ■£;  because  of  our  ignorance  of 
which  face  is  favored  by  the  inequality  the  probability 
of  the  simple  event  is  increased  if  this  inequality  is 
favorable  to  it,  just  so  much  is  it  diminished  if  the 
inequality  is  contrary  to  it.  But  in  this  same  ignorance 
the  probability  of  throwing  heads  twice  in  succession  is 
increased.  Indeed  this  probability  is  that  of  throwing 
heads  at  the  first  throw  multiplied  by  the  probability 
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that  having  thrown  it  at  the  first  throw  it  will  be  thrown 
at  the  second ;  but  its  happening  at  the  first  throw  is  a 
reason  for  belief  that  the  inequality  of  the  coin  favors  it; 
the  unknown  inequality  increases,  then,  the  probability 
of  throwing  heads  at  the  second  throw ;  it  consequently 
increases  the  product  of  these  two  probabilities.      In 
order  to   submit  this  matter  to  calculus  let  us  suppose 
that  this  inequality  increases  by  a  twentieth  the  prob- 
ability of  the   simple  event  which   it  favors.     If  this 
event  is  heads,  its  probability  will  be  •£  plus  -£q,  or  ||, 
and  the  probability  of  throwing  it  twice  in  succession 
will  be  the  square  of  ££,  or  £-§£.     If  the  favored  event  is 
tails,  the  probability  of  heads,  will  be  |  minus  ^V>  or  yt» 
and  the  probability  of  throwing  it  twice  in  succession 
will    be    TVo-      Since   we   have   at  first  no   reason  for 
beHeving  that  the  inequality  favors  one  of  these  events 
rather  than  the  other,  it  is  clear  that  in  order  to  have 
the  probability  of  the  compound  event  heads  heads  it 
is  necessary  to  add  the  two  preceding  probabilities  and 
take  the  half  of  their  sum,   which  gives  £#£  for  this 
probability,  which  exceeds  \  by  ^wt  or  by  the  square  of 
the  favor  ^V  that  the  inequality  adds  to  the  possibilities 
of  the  event  which  it  favors.     The  probability  of  throw- 
ing tails  tails  is  similarly  1%^,   but  the  probability  of 
throwing  heads  tails  or  tails  heads   is  each  ^\;    for 
the  sum  of  these  four  probabilities  ought  to  equal  cer- 
tainty or   unity.      We   find    thus    generally   that   the 
constant  and  unknown  causes  which  favor  simple  events 
which    are   judged    equally  possible    always    increase 
the    probability  of  the    repetition  of  the  same  simple 
event. 

In  an  even  number  of  throws  heads  and  tails  ought 
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both  to  happen  either  an  even  number  of  times  or  odd 
number  of  times.  The  probability  of  each  of  these 
cases  is  £  if  the  possibilities  of  the  two  faces  are  equal ; 
but  if  there  is  between  them  an  unknown  inequality,  this 
inequality  is  always  favorable  to  the  first  case. 

Two  players  whose  skill  is  supposed  to  be  equal  play 
on  the  conditions  that  at  each  throw  that  one  who  loses 
gives  a  counter  to  his  adversary,  and  that  the  gamtf 
continues  until  one  of  the  players  has  no  more  counters. 
The  calculation  of  the  probabilities  shows  us  that  for 
the  equality  of  the  play  the  throws  of  the  players  ought 
to  be  an  inverse  ratio  to  their  counters.  But  if  there  is 
between  the  players  a  small  unknown  inequality,  it 
favors  that  one  of  the  players  who  has  the  smallest 
number  of  counters.  His  probability  of  winning  the 
game  increases  if  the  players  agree  to  double  or  triple 
their  counters ;  and  it  will  be  £  or  the  same  as  the 
probability  of  the  other  player  in  the  case  where  the 
number  of  their  counters  should  become  infinite,  pre- 
serving always  the  same  ratio. 

One  may  correct  the  influence  of  these  unknown 
inequalities  by  submitting  them  themselves  to  the 
chances  of  hazard.  Thus  at  the  play  of  heads  and 
tails,  if  one  has  a  second  coin  which  is  thrown  each 
time  with  the  first  and  one  agrees  to  name  constantly 
heads  the  face  turned  up  by  the  second  coin,  the  prob- 
ability of  throwing  heads  twice  in  succession  with  the 
first  coin  will  approach  much  nearer  \  than  in  the  case 
of  a  single  coin.  In  this  last  case  the  difference  is  the 
square  of  the  small  increment  of  possibility  that  the 
unknown  inequality  gives  to  the  face  of  the  first  coin 
which  it  favors ;  in  the  other  case  this  difference  is  the 
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quadruple  product  of  this  square  by  the  corresponding 
square  relative  to  the  second  coin. 

Let  there  be  thrown  into  an  urn  a  hundred  numbers 
from  i  to  ioo  in  the  order  of  numeration,  and  after 
having  shaken  the  urn  in  order  to  mix  the  numbers  one 
is  drawn;  it  is  clear  that  if  the  mixing  has  been  well 
done  the  probabilities  of  the  drawing  of  the  numbers 
will  be  the  same.  But  if  we  fear  that  there  is  among 
them  small  differences  dependent  upon  the  order 
according  to  which  the  numbers  have  been  thrown  into 
the  urn,  we  shall  diminish  considerably  these  differences 
by  throwing  into  a  second  urn  the  numbers  according 
to  the  order  of  their  drawing  from  the  first  urn,  and  by 
shaking  then  this  second  urn  in  order  to  mix  the 
numbers.  A  third  urn,  a  fourth  urn,  etc.,  would 
diminish  more  and  more  these  differences  already 
inappreciable  in  the  second  urn. 


CHAPTER   VIII. 

CONCERNING  THE  LAWS  OF  PROBABILITY 
WHICH  RESULT  FROM  THE  INDEFINITE  MUL- 
TIPLICATION OF  EVENTS. 

Amid  the  variable  and  unknown  causes  which  we 
comprehend  under  the  name  of  chance,  and  which 
render  uncertain  and  irregular  the  march  of  events,  we 
see  appearing,  in  the  measure  that  they  multiply,  a 
striking  regularity  which  seems  to  hold  to  a  design  and 
which  has  been  considered  as  a  proof  of  Providence. 
But  in  reflecting  upon  this  we  soon  recognize  that  this 
regularity  is  only  the  development  of  the  respective 
possibilities  of  simple  events  which  ought  to  present 
themselves  more  often  when  they  are  more  probable. 
Let  us  imagine,  for  example,  an  urn  which  contains 
white  balls  and  black  balls;  and  let  us  suppose  that 
each  time  a  ball  is  drawn  it  is  put  back  into  the  urn 
before  proceeding  to  a  new  draw.  The  ratio  of  the 
number  of  the  white  balls  drawn  to  the  number  of  black 
balls  drawn  will  be  most  often  very  irregular  in  the  first 
drawings;  but  the  variable  causes  of  this  irregularity 
produce  effects  alternately  favorable  and  unfavorable  to 
the  regular  march  of  events  which  destroy  each  other 
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mutually  in  the  totality  of  a  great  number  of  draws, 
allowing  us  to  perceive  more  and  more  the  ratio  of 
white  balls  to  the  black  balls  contained  in  the  urn,  or 
the  respective  possibilities  of  drawing  a  white  ball  or 
black  ball  at  each  draw.  From  this  results  the  follow- 
ing theorem. 

The  probability  that  the  ratio  of  the  number  of  white 
balls  drawn  to  the  total  number  of  balls  drawn  does 
not  deviate  beyond  a  given  interval  from  the  ratio  of 
the  number  of  white  balls  to  the  total  number  of  balls 
contained  in  the  urn,  approaches  indefinitely  to  certainty 
by  the  indefinite  multiplication  of  events,  however  small 
this  interval. 

This  theorem  indicated  by  common  sense  was  diffi- 
cult to  demonstrate  by  analysis.  Accordingly  the 
illustrious  geometrician  Jacques  Bernouilli,  who  first 
has  occupied  himself  with  it,  attaches  great  importance 
to  the  demonstrations  he  has  given.  The  calculus  of 
discriminant  functions  applied  to  this  matter  not  only 
demonstrates  with  facility  this  theorem,  but  still  more  it 
gives  the  probability  that  the  ratio  of  the  events 
observed  deviates  only  in  certain  limits  from  the  true 
ratio  of  their  respective  possibilities. 

One  may  draw  from  the  preceding  theorem  this 
consequence  which  ought  to  be  regarded  as  a  general 
law,  namely,  that  the  ratios  of  the  acts  of  nature  are 
very  nearly  constant  when  these  acts  are  considered  in 
great  number.  Thus  in  spite  of  the  variety  of  years 
the  sum  of  the  productions  during  a  considerable  num- 
ber of  years  is  sensibly  the  same ;  so  that  man  by  useful 
foresight  is  able  to  provide  against  the  irregularity  of 
the    seasons    by    spreading    out  equally   over  all    the 
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seasons  the  goods  which  nature  distributes  in  an 
unequal  manner.  I  do  not  except  from  the  above  law 
results  due  to  moral  causes.  The  ratio  of  annual 
births  to  the  population,  and  that  of  marriages  to  births, 
show  only  small  variations ;  at  Paris  the  number  of 
annual  births  is  almost  the  same,  and  I  have  heard  it 
said  at  the  post-office  in  ordinary  seasons  the  number 
of  letters  thrown  aside  on  account  of  defective  addresses 
changes  little  each  year ;  this  has  likewise  been  observed 
at  London. 

It  follows  again  from  this  theorem  that  in  a  series  of 
events  indefinitely  prolonged  the  action  of  regular  and 
constant  causes  ought  to  prevail  in  the  long  run  over 
that  of  irregular  causes.  It  is  this  which  renders  the 
gains  of  the  lotteries  just  as  certain  as  the  products  of 
agriculture ;  the  chances  which  they  reserve  assure  them 
a  benefit  in  the  totality  of  a  great  number  of  throws. 
Thus  favorable  and  numerous  chances  being  constantly 
attached  to  the  observation  of  the  eternal  principles  of 
reason,  of  justice,  and  of  humanity  which  establish  and 
maintain  societies,  there  is  a  great  advantage  in  con- 
forming to  these  principles  and  of  grave  inconvenience 
in  departing  from  them.  If  one  consult  histories  and 
his  own  experience,  one  will  see  all  the  facts  come  to 
the  aid  of  this  result  of  calculus.  Consider  the  happy 
effects  of  institutions  founded  upon  reason  and  the 
natural  rights  of  man  among  the  peoples  who  have 
known  how  to  establish  and  preserve  them.  Consider 
again  the  advantages  which  good  faith  has  procured  for 
the  governments  who  have  made  it  the  basis  of  their 
conduct  and  how  they  have  been  indemnified  for  the 
sacrifices    which    a    scrupulous   exactitude   in    keeping 
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their  engagements  has  cost  them.  What  immense 
credit  at  home !  What  preponderance  abroad !  On 
the  contrary,  look  into  what  an  abyss  of  misfortunes 
nations  have  often  been  precipitated  by  the  ambition 
and  the  perfidy  of  their  chiefs.  Every  time  that  a 
great  power  intoxicated  by  the  love  of  conquest  aspires 
to  universal  domination  the  sentiment  of  independence 
produces  among  the  menaced  nations  a  coalition  of 
which  it  becomes  almost  always  the  victim.  Similarly 
in  the  midst  of  the  variable  causes  which  extend  or 
restrain  the  divers  states,  the  natural  limits  acting  as 
constant  causes  ought  to  end  by  prevailing.  It  is 
important  then  to  the  stability  as  well  as  to  the  happi- 
ness of  empires  not  to  extend  them  beyond  those  limits 
into  which  they  are  led  again  without  cessation  by  the 
action  of  the  causes;  just  as  the  waters  of  the  seas 
raised  by  violent  tempests  fall  again  into  their  basins 
by  the  force  of  gravity.  It  is  again  a  result  of  the 
calculus  of  probabilities  confirmed  by  numerous  and 
melancholy  experiences.  History  treated  from  the 
point  of  view  of  the  influence  of  constant  causes  would 
unite  to  the  interest  of  curiosity  lhat  of  offering  to  man 
most  useful  lessons.  Sometimes  we  attribute  the 
inevitable  results  of  these  causes  to  the  accidental  cir- 
cumstances which  have  produced  their  action.  It  is, 
for  example,  against  the  nature  of  things  that  one 
people  should  ever  be  governed  by  another  when  a 
vast  sea  or  a  great  distance  separates  them.  It  may 
be  affirmed  that  in  the  long  run  this  constant  cause, 
joining  itself  without  ceasing  to  the  variable  causes 
which  act  in  the  same  way  and  which  the  course  of 
time   develops,   will  end  by  finding  them   sufficiently 
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strong"  to  give  to  a  subjugated  people  its  natural  inde- 
pendence or  to  unite  it  to  a  powerful  state  which  may- 
be contiguous. 

In  a  great  number  of  cases,  and  these  are  the  most 
important  of  the  analysis  of  hazards,  the  possibilities  of 
simple  events  are  unknown  and  we  are  forced  to  search 
in  past  events  for  the  indices  which  can  guide  us  in 
our  conjectures  about  the  causes  upon  which  they 
depend.  In  applying  the  analysis  of  discriminant 
functions  to  the  principle  elucidated  above  on  the  prob- 
ability of  the  causes  drawn  from  the  events  observed, 
we  are  led  to  the  following  theorem. 

When  a  simple  event  or  one  composed  of  several 
simple  events,  as,  for  instance,  in  a  game,  has  been 
repeated  a  great  number  of  times  the  possibilities  of  the 
simple  events  which  render  most  probable  that  which 
has  been  observed  are  those  that  observation  indicates 
with  the  greatest  probability;  in  the  measure  that  the 
observed  event  is  repeated  this  probability  increases 
and  would  end  by  amounting  to  certainty  if  the  num- 
bers of  repetitions  should  become  infinite. 

There  are  two  kinds  of  approximations:  the  one  is 
relative  to  the  limits  taken  on  all  sides  of  the  possibili- 
ties which  give  to  the  past  the  greatest  probability;  the 
other  approximation  is  related  to  the  probability  that 
these  possibilities  fall  within  these  limits.  The  repeti- 
tion of  the  compound  event  increases  more  and  more 
this  probability,  the  limits  remaining  the  same ;  it 
reduces  more  and  more  the  interval  of  these  limits,  the 
probability  remaining  the  same ;  in  infinity  this  interval 
becomes  zero  and  the  probability  changes  to  certainty. 

If  we  apply  this  theorem  to  the  ratio  of  the  births  of 
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boys  to  that  of  girls  observed  in  the  different  countries 
of  Europe,  we  find  that  this  ratio,  which  is  everywhere 
about  equal  to  that  of  22  to  21,  indicates  with  an 
extreme  probability  a  greater  facility  in  the  birth  of 
boys.  Considering  further  that  it  is  the  same  at  Naples 
and  at  St.  Petersburg,  we  shall  see  that  in  this  regard 
the  influence  of  climate  is  without  effect.  We  might 
then  suspect,  contrary  to  the  common  belief,  that  this 
predominance  of  masculine  births  exists  even  in  the 
Orient.  I  have  consequently  invited  the  French 
scholars  sent  to  Egypt  to  occupy  themselves  with  this 
interesting  question;  but  the  difficulty  in  obtaining 
exact  information  about  the  births  has  not  permitted 
them  to  solve  it.  Happily,  M.  de  Humboldt  has  not 
neglected  this  matter  among  the  innumerable  new 
things  which  he  has  observed  and  collected  in  America 
with  so  much  sagacity,  constancy,  and  courage.  He 
has  found  in  the  tropics  the  same  ratio  of  the  births  as 
we  observe  in  Paris ;  this  ought  to  make  us  regard  the 
greater  number  of  masculine  births  as  a  general  law  of 
the  human  race.  The  laws  which  the  different  kinds 
of  animals  follow  in  this  regard  seem  to  me  worthy  of 
the  attention  of  naturalists. 

The  fact  that  the  ratio  of  births  of  boys  to  that  of 
girls  differs  very  little  from  unity  even  in  the  great 
number  of  the  births  observed  in  a  place  would  offer  in 
this  regard  a  result  contrary  to  the  general  law,  without 
which  we  should  be  right  in  concluding  that  this  law 
did  not  exist.  In  order  to  arrive  at  this  result  it  is 
necessary  to  employ  great  numbers  and  to  be  sure  that 
it  is  indicated  by  great  probability.  Buffon  cites,  for 
example,  in  his  Political  Arithmetic  several  communi- 
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ties  of  Bourgogne  where  the  births  of  girls  have  sur- 
passed those  of  boys.  Among  these  communities  that 
of  Carcelle-le-Grignon  presents  in  2009  births  during 
five  years  1026  girls  and  983  boys.  Although  these 
numbers  are  considerable,  they  indicate,  however,  only 
a  greater  possibility  in  the  births  of  girls  with  a  prob- 
ability of  i\,  and  this  probability,  smaller  than  that  of 
not  throwing  heads  four  times  in  succession  in  the  game 
of  heads  and  tails,  is  not  sufficient  to  investigate  the 
cause  for  this  anomaly,  which,  according  to  all  prob- 
ability, would  disappear  if  one  should  follow  during  a 
century  the  births  in  this  community. 

The  registers  of  births,  which  are  kept  with  care  in 
order  to  assure  the  condition  of  the  citizens,  may  serve 
in  determining  the  population  of  a  great  empire  without 
recurring  to  the  enumeration  of  its  inhabitants — a 
laborious  operation  and  one  difficult  to  make  with 
exactitude.  But  for  this  it  is  necessary  to  know  the 
ratio  of  the  population  to  the  annual  births.  The  most 
precise  means  of  obtaining  it  consists,  first,  in  choosing 
in  the  empire  districts  distributed  in  an  almost  equal 
manner  over  its  whole  surface,  so  as  to  render  the 
general  result  independent  of  local  circumstances ; 
second,  in  enumerating  with  care  for  a  given  epoch  the 
inhabitants  of  several  communities  in  each  of  these  dis- 
tricts; third,  by  determining  from  the  statement  of  the 
births  during  several  years  which  precede  and  follow 
this  epoch  the  mean  number  corresponding  to  the 
annual  births.  This  number,  divided  by  that  of  the 
inhabitants,  will  give  the  ratio  of  the  annual  births  to 
the  population  in  a  manner  more  and  more  accurate 
as  the  enumeration  becomes  more  considerable.      The 
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government,  convinced  of  the  utility  of  a  similar 
enumeration,  has  decided  at  my  request  to  order 
its  execution.  In  thirty  districts  spread  out  equally 
over  the  whole  of  France,  communities  have  been 
chosen  which  would  be  able  to  furnish  the  most  exact 
information.  Their  enumerations  have  given  2037615 
individuals  as  the  total  number  of  their  inhabitants  on 
the  23d  of  September,  1802.  The  statement  of  the 
births  in  these  communities  during  the  years  1800, 
1 80 1,  and  1802  have  given: 


Births. 

Marriages. 

Deaths 

1 103 1 2  boys 

46037 

103659  men 

105287  girls 

99443  women 

The  ratio  of  the  population  to  annual  births  is 
then  28tV/t5ijtV5  ^  *s  greater  than  had  been  estimated 
up  to  this  time.  Multiplying  the  number  of  annual 
births  in  France  by  this  ratio,  we  shall  have  the  pop- 
ulation of  this  kingdom.  But  what  is  the  probability 
that  the  population  thus  determined  will  not  deviate 
from  the  true  population  beyond  a  given  limit  ? 
Resolving  this  problem  and  applying  to  its  solution  the 
preceding  data,  I  have  found  that,  the  number  of  annual 
births  in  France  being  supposed  to  be  1 000000,  which 
brings  the  population  to  28352845  inhabitants,  it  is  a 
bet  of  almost  300000  against  1  that  the  error  of  this 
result  is  not  half  a  million. 

The  ratio  of  the  births  of  boys  to  that  of  girls  which 
the  preceding  statement  offers  is  that  of  22  to  21 ;  and 
the  marriages  are  to  the  births  as  3  is  to  4. 

At  Paris  the  baptisms  of  children  of  both  sexes  vary 
a  little  from  the  ratio  of  22  to   21.      Since  1745,  the 


68       a  PHILOSOPHICAL  ESSAY  ON  PROBABILITIES. 

epoch  in  which  one  has  commenced  to  distinguish  the 
sexes  upon  the  birth-registers,  up  to  the  end  of  1784, 
there  have  been  baptized  in  this  capital  393386  boys 
and  377555  girls.  The  ratio  of  the  two  numbers  is 
almost  that  of  2  5  to  24 ;  it  appears  then  at  Paris  that  a 
particular  cause  approximates  an  equality  of  baptisms 
of  the  two  sexes.  If  we  apply  to  this  matter  the 
calculus  of  probabilities,  we  find  that  it  is  a  bet  of  238 
to  1  in  favor  of  the  existence  of  this  cause,  which  is 
sufficient  to  authorize  the  investigation.  Upon  reflec- 
tion it  has  appeared  to  me  that  the  difference  observed 
holds  to  this,  that  the  parents  in  the  country  and  the 
provinces,  finding  some  advantage  in  keeping  the  boys 
at  home,  have  sent  to  the  Hospital  for  Foundlings  in 
Paris  fewer  of  them  relative  to  the  number  of  girls 
according  to  the  ratio  of  births  of  the  two  sexes.  This 
is  proved  by  the  statement  of  the  registers  of  this 
hospital.  From  the  beginning  of  1745  to  the  end  of 
1809  there  were  entered  163499  boys  and  159405 
girls.  The  first  of  these  numbers  exceeds  only  by  -£% 
the  second,  which  it  ought  to  have  surpassed  at  least 
by  2V  This  confirms  the  existence  of  the  assigned 
cause,  namely,  that  the  ratio  of  births  of  boys  to  those 
of  girls  is  at  Paris  that  of  22  to  21,  no  attention  having 
been  paid  to  foundlings. 

The  preceding  results  suppose  that  we  may  compare 
the  births  to  the  drawings  of  balls  from  an  urn  which 
contains  an  infinite  number  of  white  balls  and  black 
balls  so  mixed  that  at  each  draw  the  chances  of  drawing 
ought  to  be  the  same  for  each  ball ;  but  it  is  possible 
that  the  variations  of  the  same  seasons  in  different 
years  may  have  some  influence  upon  the  annual  ratio 
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of  the  births  of  boys  to  those  of  girls.  The  Bureau  of 
Longitudes  of  France  publishes  each  year  in  its  annual 
the  tables  of  the  annual  movement  of  the  population  of 
the  kingdom.  The  tables  already  published  commence 
in  18 17;  in  that  year  and  in  the  five  following  years 
there  were  born  2962361  boys  and  2781997  girls, 
which  gives  about  \%  for  the  ratio  of  the  births  of  boys 
to  that  of  girls.  The  ratios  of  each  year  vary  little 
from  this  mean  result;  the  smallest  ratio  is  that  of 
1822,  where  it  was  only  |f ;  the  greatest  is  of  the  year 
1 817,  when  it  was  ff-.  These  ratios  vary  appreciably 
from  the  ratio  of  \\  found  above.  Applying  to  this 
deviation  the  analysis  of  probabilities  in  the  hypothesis 
of  the  comparison  of  births  to  the  drawings  of  balls 
from  an  urn,  we  find  that  it  would  be  scarcely  probable. 
It  appears,  then,  to  indicate  that  this  hypothesis, 
although  closely  approximated,  is  not  rigorously  exact. 
In  the  number  of  births  which  we  have  just  stated  there 
are  of  natural  children  200494  boys  and  190698  girls. 
The  ratio  of  masculine  and  feminine  births  was  then  in 
this  regard  -f-jj-,  smaller  than  the  mean  ratio  of  ff .  This 
result  is  in  the  same  sense  as  that  of  the  births  of 
foundlings;  and  it  seems  to  prove  that  in  the  class  of 
natural  children  the  births  of  the  two  sexes  approach 
more  nearly  equality  than  in  the  class  of  legitimate 
children.  The  difference  of  the  climates  from  the  north 
to  the  south  of  France  does  not  appear  to  influence 
appreciably  the  ratio  of  the  births  of  boys  and  girls. 
The  thirty  most  southern  districts  have  given  \\  for  this 
ratio,  the  same  as  that  of  entire  France. 

The  constancy  of  the  superiority  of  the  births  of  boys 
over  girls  at  Paris  and  at  London  since  they  have  been 
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observed  has  appeared  to  some  scholars  to  be  a  proof 
of  Providence,  without  which  they  have  thought  that 
the  irregular  causes  which  disturb  without  ceasing  the 
course  of  events  ought  several  times  to  have  rendered 
the  annual  births  of  girls  superior  to  those  of  boys. 

But  this  proof  is  a  new  example  of  the  abuse  which 
has  been  so  often  made  of  final  causes  which  always 
disappear  on  a  searching  examination  of  the  questions 
when  we  have  the  necessary  data  to  solve  them.  The 
constancy  in  question  is  a  result  of  regular  causes  which 
give  the  superiority  to  the  births  of  boys  and  which 
extend  it  to  the  anomalies  due  to  hazard  when  the 
number  of  annual  births  is  considerable.  The  investi- 
gation of  the  probability  that  this  constancy  will  main- 
tain itself  for  a  long  time  belongs  to  that  branch  of  the 
analysis  of  hazards  which  passes  from  past  events  to 
the  probability  of  future  events ;  and  taking  as  a  basis 
the  births  observed  from  1745  to  1784,  it  is  a  bet  of 
almost  4  against  1  that  at  Paris  the  annual  births  of 
boys  will  constantly  surpass  for  a  century  the  births 
of  girls ;  there  is  then  no  reason  to  be  astonished  that 
this  has  taken  place  for  a  half-century. 

Let  us  take  another  example  of  the  development  of 
constant  ratios  which  events  present  in  the  measure 
that  they  are  multiplied.  Let  us  imagine  a  series  of 
urns  arranged  circularly,  and  each  containing  a  very 
great  number  of  white  balls  and  black  balls ;  the  ratio 
of  white  balls  to  the  black  in  the  urns  being  originally 
very  different  and  such,  for  example,  that  one  of  these 
urns  contains  only  white  balls,  while  another  contains 
only  black  balls.  If  one  draws  a  ball  from  the  first  urn 
in  order  to  put  it  into  the  second,  and,  after  having 
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shaken  the  second  urn  in  order  to  mix  well  the  new 
ball  with  the  others,  one  draws  a  ball  to  put  it  into  the 
third  urn,  and  so  on  to  the  last  urn,  from  which  is  drawn 
a  ball  to  put  into  the  first,  and  if  this  series  is  recom- 
menced continually,  the  analysis  of  probability  shows 
us  that  the  ratios  of  the  white  balls  to  the  black  in  these 
urns  will  end  by  being  the  same  and  equal  to  the  ratio 
of  the  sum  of  all  the  white  balls  to  the  sum  of  all  the 
black  balls  contained  in  the  urns.  Thus  by  this  regular 
mode  of  change  the  primitive  irregularity  of  these  ratios 
disappears  eventually  in  order  to  make  room  for  the 
most  simple  order.  Now  if  among  these  urns  one 
intercalate  new  ones  in  which  the  ratio  of  the  sum  of 
the  white  balls  to  the  sum  of  the  black  balls  which  they 
contain  differs  from  the  preceding,  continuing  indefi- 
nitely in  the  totality  of  the  urns  the  drawings  which  we 
have  just  indicated,  the  simple  order  established  in  the 
old  urns  will  be  at  first  disturbed,  and  the  ratios  of  the 
white  balls  to  the  black  balls  will  become  irregular; 
but  little  by  little  this  irregularity  will  disappear  in 
order  to  make  room  for  a  new  order,  which  will  finally 
be  that  of  the  equality  of  the  ratios  of  the  white  balls 
to  the  black  balls  contained  in  the  urns.  We  may 
apply  these  results  to  all  the  combinations  of  nature  in 
which  the  constant  forces  by  which  their  elements  are 
animated  establish  regular  modes  of  action,  suited  to 
bring  about  in  the  very  heart  of  chaos  systems  governed 
by  admirable  laws. 

The  phenomena  which  seem  the  most  dependent 
upon  hazard  present,  then,  when  multiplied  a  tendency 
to  approach  without  ceasing  fixed  ratios,  in  such  a 
manner  that  if  we  conceive  on  all  sides  of  each  of  these 
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ratios  an  interval  as  small  as  desired,  the  probability 
that  the  mean  result  of  the  observations  falls  within  this 
interval  will  end  by  differing-  from  certainty  only  by  a 
quantity  greater  than  an  assignable  magnitude.  Thus 
by  the  calculations  of  probabilities  applied  to  a  great 
number  of  observations  we  may  recognize  the  existence 
of  these  ratios.  But  before  seeking  the  causes  it  is 
necessary,  in  order  not  to  be  led  into  vain  speculations, 
to  assure  ourselves  that  they  are  indicated  by  a  prob- 
ability which  does  not  permit  us  to  regard  them  as 
anomalies  due  to  hazard.  The  theory  of  discriminant 
functions  gives  a  very  simple  expression  for  this  prob- 
ability, which  is  obtained  by  integrating  the  product  of 
the  differential  of  the  quantity  of  which  the  result 
deduced  from  a  great  number  of  observations  varies 
from  the  truth  by  a  constant  less  than  unity,  dependent 
upon  the  nature  of  the  problem,  and  raised  to  a  power 
whose  exponent  is  the  ratio  of  the  square  of  this  varia- 
tion to  the  number  of  observations.  The  integral  taken 
between  the  limits  given  and  divided  by  the  same 
integral,  applied  to  a  positive  and  negative  infinity, 
will  express  the  probability  that  the  variation  from  the 
truth  is  comprised  between  these  limits.  Such  is  the 
general  law  of  the  probability  of  results  indicated  by  a 
great  number  of  observations. 


CHAPTER    IX. 

THE  APPLICATION  OF  THE  CALCULUS  OF  PROB- 
ABILITIES  TO  NATURAL  PHILOSOPHY. 

THE  phenomena  of  nature  are  most  often  enveloped 
by  so  many  strange  circumstances,  and  so  great  a 
number  of  disturbing  causes  mix  their  influence,  that 
it  is  very  difficult  to  recognize  them.  We  may  arrive 
at  them  only  by  multiplying  the  observations  or  the 
experiences,  so  that  the  strange  effects  finally  destroy 
reciprocally  each  other,  the  mean  results  putting  in 
evidence  those  phenomena  and  their  divers  elements. 
The  more  numerous  the  number  of  observations  and 
the  less  they  vary  among  themselves  the  more  their 
results  approach  the  truth.  We  fulfil  this  last  condition 
by  the  choice  of  the  methods  of  observations,  by  the 
precision  of  the  instruments,  and  by  the  care  which  we 
take  to  observe  closely;  then  we  determine  by  the 
theory  of  probabilities  the  most  advantageous  mean 
results  or  those  which  give  the  least  value  of  the  error. 
But  that  is  not  sufficient;  it  is  further  necessary  to 
appreciate  the  probability  that  the  errors  of  these 
results  are  comprised  in  the  given  limits;  and  without 
this  we  have  only  an  imperfect  knowledge  of  the  degree 
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of  exactitude  obtained.  Formulae  suitable  to  these 
matters  are  then  true  improvements  of  the  method  of 
sciences,  and  it  is  indeed  important  to  add  them  to  this 
method.  The  analysis  which  they  require  is  the  most 
delicate  and  the  most  difficult  of  the  theory  of  prob- 
abilities; it  is  one  of  the  principal  objects  of  the  work 
which  I  have  published  upon  this  theory,  and  in  which 
I  have  arrived  at  formulae  of  this  kind  which  have  the 
remarkable  advantage  of  being  independent  of  the  law 
of  the  probability  of  errors  and  of  including  only  the 
quantities  given  by  the  observations  themselves  and 
their  expressions. 

Each  observation  has  for  an  analytic  expression  a 
function  of  the  elements  which  we  wish  to  determine; 
and  if  these  elements  are  nearly  known,  this  function 
becomes  a  linear  function  of  their  corrections.  In 
equating  it  to  the  observation  itself  there  is  formed  an 
equation  of  condition.  If  we  have  a  great  number  of 
similar  equations,  we  combine  them  in  such  a  manner 
as  to  obtain  as  many  final  equations  as  there  are  ele- 
ments whose  corrections  we  determine  then  by  resolv- 
ing these  equations.  But  what  is  the  most  advantageous 
manner  of  combining  equations  of  condition  in  order 
to  obtain  final  equations  ?  What  is  the  law  of  the 
probabilities  of  errors  of  which  the  elements  are  still 
susceptible  that  we  draw  from  them  ?  This  is  made 
clear  to  us  by  the  theory  of  probabilities.  The  forma- 
tion of  a  final  equation  by  means  of  the  equation  of 
condition  amounts  to  multiplying  each  one  of  these  by 
an  indeterminate  factor  and  by  uniting  the  products;  it 
is  necessary  to  choose  the  system  of  factors  which  gives 
the  smallest  opportunity  for  error.      But  it  is  apparent 
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that  if  we  multiply  the  possible  errors  of  an  element  by 
their  respective  probabilities,  the  most  advantageous 
system  will  be  that  in  which  the  sum  of  these  products 
all,  taken,  positively  is  a  minimum;  for  a  positive  or  a 
negative  error  ought  to  be  considered  as  a  loss.  Form- 
ing, then,  this  sum  of  products,  the  condition  of  the 
minimum  will  determine  the  system  of  factors  which  it 
is  expedient  to  adopt,  or  the  most  advantageous  system. 
We  find  thus  that  this  system  is  that  of  the  coefficients 
of  the  elements  in  each  equation  of  condition ;  so  that 
we  form  a  first  final  equation  by  multiplying  respect- 
ively each  equation  of  condition  by  its  coefficient  of 
the  first  element  and  by  uniting  all  these  equations  thus 
multiplied.  We  form  a  second  final  equation  by  em- 
ploying in  the  same  manner  the  coefficients  of  tie 
second  element,  and  so  on.  In  this  manner  the  ele- 
ments and  the  laws  of  the  phenomena  obtained  in  the 
collection  of  a  great  number  of  observations  are 
developed  with  the  most  evidence. 

The  probability  of  the  errors  which  each  element 
still  leaves  to  be  feared  is  proportional  to  the  number 
whose  hyperbolic  logarithm  is  unity  raised  to  a  power 
equal  to  the  square  of  the  error  taken  as  a  minus 
quantity  and  multiplied  by  a  constant  coefficient  which 
may  be  considered  as  the  modulus  of  the  probability  of 
the  errors;  because,  the  error  remaining  the  same,  its 
probability  decreases  with  rapidity  when  the  former 
increases;  so  that  the  element  obtained  weighs,  if  I 
may  thus  speak  toward  the  truth,  as  much  more  as  this 
modulus  is  greater.  I  would  call  for  this  reason  this 
modulus  the  weight  of  the  element  or  of  the  result. 
This  weight  is  the  greatest  possible  in  the  system  of 
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factors — the  most  advantageous;  it  is  this  which  gives 
to  this  system  superiority  over  others.  By  a  remarkable 
analogy  of  this  weight  with  those  of  bodies  compared 
at  their  common  centre  of  gravity  it  results  that  if  the 
same  element  is  given  by  divers  systems,  composed 
each  of  a  great  number  of  observations,  the  most 
advantageous,  the  mean  result  of  their  totality  is  the 
sum  of  the  products  of  each  partial  result  by  its  weight. 
Moreover,  the  total  weight  of  the  results  of  the  divers 
systems  is  the  sum  of  their  partial  weights ;  so  that  the 
probability  of  the  errors  of  the  mean  result  of  their 
totality  is  proportional  to  the  number  which  has  unity 
for  an  hyperbolic  logarithm  raised  to  a  power  equal  to 
the  square  of  the  error  taken  as  minus  and  multiplied 
by  the  sum  of  the  weights.  Each  weight  depends  in 
truth  upon  the  law  of  the  probability  of  error  of  each 
system,  and  almost  always  this  law  is  unknown;  but 
happily  I  have  been  able  to  eliminate  the  factor  which 
contains  it  by  means  of  the  sum  of  the  squares  of  the 
variations  of  the  observations  in  this  system  from  their 
mean  result.  It  would  then  be  desirable  in  order  to 
complete  our  knowledge  of  the  results  obtained  by  the 
totality  of  a  great  number  of  observations  that  we  write 
by  the  side  of  each  result  the  weight  which  corresponds 
to  it;  analysis  furnishes  for  this  object  both  general  and 
simple  methods.  When  we  have  thus  obtained  the 
exponential  which  represents  the  law  of  the  proba- 
bility of  errors,  we  shall  have  the  probability  that  the 
error  of  the  result  is  included  within  given  limits  by 
taking  within  the  limits  the  integral  of  the  product  of 
this  exponential  by  the  differential  of  the  error  and 
multiplying  it  by  the  square  root  of  the  weight  of  the 
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result  divided  by  the  circumference  whose  diameter  is 
unity.  Hence  it  follows  that  for  the  same  probability 
the  errors  of  the  results  are  reciprocal  to  the  square 
roots  of  their  weights,  which  serves  to  compare  their 
respective  precision. 

In  order  to  apply  this  method  with  success  it  is 
necessary  to  vary  the  circumstances  of  the  observations 
or  the  experiences  in  such  a  manner  as  to  avoid  the 
constant  causes  of  error.  It  is  necessary  that  the 
observations  should  be  numerous,  and  that  they  should 
be  so  much  the  more  so  as  there  are  more  elements  to 
determine ;  for  the  weight  of  the  mean  result  increases 
as  the  number  of  observations  divided  by  the  number 
of  the  elements.  It  is  still  necessary  that  the  elements 
follow  in  these  observations  a  different  course ;  for  if  the 
course  of  the  two  elements  were  exactly  the  same, 
which  would  render  their  coefficients  proportional  in 
equation  of  conditions,  these  elements  would  form  only 
a  single  unknown  quantity  and  it  would  be  impossible 
to  distinguish  them  by  these  observations.  Finally  it 
is  necessary  that  the  observations  should  be  precise; 
this  condition,  the  first  of  all,  increases  greatly  the 
weight  of  the  result  the  expression  of  which  has  for 
a  divisor  the  sum  of  the  squares  of  the  deviations  of  the 
observations  from  this  result.  With  these  precautions 
we  shall  be  able  to  make  use  of  the  preceding  method 
and  measure  the  degree  of  confidence  which  the  results 
deduced  from  a  great  number  of  observations  merit. 

The  rule  which  we  have  just  given  to  conclude  equa- 
tions of  condition,  final  equations,  amount  to  rendering 
a  minimum  the  sum  of  the  squares  of  the  errors  of 
observations;  for  each  equation  of  condition  becomes 
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exact  by  substituting  in  it  the  observation  plus  its 
error;  and  if  we  draw  from  it  the  expression  of  this 
error,  it  is  easy  to  see  that  the  condition  of  the  minimum 
of  the  sum  of  the  squares  of  these  expressions  gives  the 
rule  in  question.  This  rule  is  the  more  precise  as  the 
observations  are  more  numerous;  but  even  in  the  case 
where  their  number  is  small  it  appears  natural  to 
employ  the  same  rule  which  in  all  cases  offers  a  simple 
means  of  obtaining  without  groping  the  corrections 
which  we  seek  to  determine.  It  serves  further  to  com- 
pare the  precision  of  the  divers  astronomical  tables  of 
the  same  star.  These  tables  may  always  be  supposed 
as  reduced  to  the  same  form,  and  then  they  differ  only 
by  the  epochs,  the  mean  movements  and  the  coefficients 
of  the  arguments ;  for  if  one  of  them  contains  a  coeffi- 
cient which  is  not  found  in  the  others,  it  is  clear  that 
this  amounts  to  supposing  zero  in  them  as  the  coefficient 
of  this  argument.  If  now  we  rectify  these  tables  by 
the  totality  of  the  good  observations,  they  would  satisfy 
the  condition  that  the  sum  of  the  squares  of  the  errors 
should  be  a  minimum ;  the  tables  which,  compared  to  a 
considerable  number  of  observations,  approach  nearest 
this  condition  merit  then  the  preference. 

It  is  principally  in  astronomy  that  the  method 
explained  above  may  be  employed  with  advantage. 
The  astronomical  tables  owe  the  truly  astonishing 
exactitude  which  they  have  attained  to  the  precision  of 
observations  and  of  theories,  and  to  the  use  of  equations 
of  conditions  which  cause  to  concur  a  great  number  of 
excellent  observations  in  the  correction  of  the  same 
element.  But  it  remains  to  determine  the  probability 
of  the   errors   that  this   correction    leaves   still   to    be 
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feared;  and  the  method  which  I  have  just  explained 
enables  us  to  recognize  the  probability  of  these  errors. 
In  order  to  give  some  interesting  applications  of  it  I 
have  profited  by  the  immense  work  which  M.  Bouvard 
has  just  finished  on  the  movements  of  Jupiter  and 
Saturn,  of  which  he  has  formed  very  precise  tables. 
He  has  discussed  with  the  greatest  care  the  oppositions 
and  quadratures  of  these  two  planets  observed  by 
Bradley  and  by  the  astronomers  who  have  followed 
him  down  to  the  last  years;  he  has  concluded  the  cor- 
rections of  the  elements  of  their  movement  and  their 
masses  compared  to  that  of  the  sun  taken  as  unity. 
His  calculations  give  him  the  mass  of  Saturn  equal  to 
the  3512th  part  of  that  of  the  sun.  Applying  to  them 
my  formulae  of  probability,  I  find  that  it  is  a  bet  of 
11,000  against  one  that  the  error  of  this  result  is  not 
■jit  of  its  value,  or  that  which  amounts  to  almost  the 
same — that  after  a  century  of  new  observations  added  to 
the  preceding  ones,  and  examined  in  the  same  manner, 
the  new  result  will  not  differ  by  y^  from  that  of 
M.  Bouvard.  This  wise  astronomer  finds  again  the 
mass  of  Jupiter  equal  to  the  1071th  part  of  the  sun; 
and  my  method  of  probability  gives  a  bet  of  1,000,000 
to  one  that  this  result  is  not  T^¥  in  error. 

This  method  may  be  employed  again  with  success  in 
geodetic  operations.  We  determine  the  length  of  the 
great  arc  on  the  surface  of  the  earth  by  triangulation, 
which  depends  upon  a  base  measured  with  exactitude. 
But  whatever  precision  may  be  brought  to  the  measure 
of  the  angles,  the  inevitable  errors  can,  by  accumulat- 
ing, cause  the  value  of  the  arc  concluded  from  a  great 
number  of  triangles  to  deviate  appreciably  from  the 
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truth.      We  recognize  this  value,  then,  only  imperfectly 
unless  the  probability  that  its  error  is  comprised  within 
given  limits  can  be  assigned.      The  error  of  a  geodetic 
result  is  a  function  of  the  errors  of  the  angles  of  each 
triangle.      I    have    given    in    the   work    cited    general 
formulae  in  order  to  obtain  the  probability  of  the  values 
of  one  or  of  several  linear  functions  of  a  great  number 
of  partial   errors   of  which  we   know  the  law  of  prob- 
ability; we  may  then  by  means  of  these  formulae  deter- 
mine the  probability  that  the  error  of  a  geodetic  result 
is  contained  within  the  assigned  limits,  whatever  may  be 
the  law  of  the  probability  of  partial  errors.     It  is  more- 
over more  necessary  to  render  ourselves  independent 
of  the  law,  since  the  most  simple  laws  themselves  are 
always    infinitely    less    probable,    seeing    the     infinite 
number  of  those  which  may  exist  in  nature.      But  the 
unknown    law    of    partial    errors    introduces    into    the 
formulae  an    indeterminant  which  does  not  permit    of 
reducing  them  to  numbers  unless  we  are  able  to  elimi- 
nate it.      We  have  seen  that  in  astronomical  questions, 
where  each  observation  furnishes  an  equation  of  condi- 
tion   for    obtaining    the    elements,    we    eliminate    this 
determinant  by  means  of  the  sum  of  the  squares  of  the 
remainders  when  the  most  probable  values  of  the  ele- 
ments have  been  substituted  in  each  equation.    Geodetic 
questions  not  offering  similar  equations,  it  is  necessary 
to  seek  another  means  of  elimination.      The  quantity 
by  which  the  sum  of  the  angles  of  each  observed  tri- 
angle  surpasses   two   right   angles   plus   the   spherical 
excess  furnishes  this  means.      Thus  we  replace  by  the 
sum  of  the  squares  of  these  quantities  the  sum  of  the 
squares  of  the  remainders  of  the  equations  of  condition ; 
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and  we  may  assign  in  numbers  the  probability  that  the 
error  of  the  final  result  of  a  series  of  geodetic  operations 
will  not  exceed  a  given  quantity.  But  what  is  the 
most  advantageous  manner  of  dividing  among  the  three 
angles  of  each  triangle  the  observed  sum  of  their 
errors  ?  The  analysis  of  probabilities  renders  it 
apparent  that  each  angle  ought  to  be  diminished  by  a 
third  of  this  sum,  provided  that  the  weight  of  a  geodetic 
result  be  the  greatest  possible,  which  renders  the  same 
error  less  probable.  There  is  then  a  great  advantage 
in  observing  the  three  angles  of  each  triangle  and  of 
correcting  them  as  we  have  just  said.  Simple  common 
sense  indicates  this  advantage;  but  the  calculation  of 
probabilities  alone  is  able  to  appreciate  it  and  to  render 
apparent  that  by  this  correction  it  becomes  the  greatest 
possible. 

In  order  to  assure  oneself  of  the  exactitude  of  the 
value  of  a  great  arc  which  rests  upon  a  base  measured 
at  one  of  its  extremities  one  measures  a  second  base 
toward  the  other  extremity;  and  one  concludes  from 
one  of  these  bases  the  length  of  the  other.  If  this 
length  varies  very  little  from  the  observation,  there  is 
all  reason  to  believe  that  the  chain  of  triangles  which 
unites  these  bases  is  very  nearly  exact  and  likewise  the 
value  of  the  large  arc  which  results  from  it.  One  cor- 
rects, then,  this  value  by  modifying  the  angles  of  the 
triangles  in  such  a  manner  that  the  base  is  calculated 
according  to  the  bases  measured.  But  this  may  be 
done  in  an  infinity  of  ways,  among  which  is  preferred 
that  of  which  the  geodetic  result  has  the  greatest 
weight,  inasmuch  as  the  same  error  becomes  less  prob- 
able.    The  analysis  of  probabilities  gives  formulae  for 


82        A  PHILOSOPHICAL  ESSAY  ON  PROBABILITIES. 

obtaining  directly  the  most  advantageous  correction 
which  results  from  the  measurements  of  the  several 
bases  and  the  laws  of  probability  which  the  multiplicity 
of  the  bases  makes — laws  which  become  very  rapidly 
decreasing  by  this  multiplicity. 

Generally  the  errors  of  the  results  deduced  from  a 
great  number  of  observations  are  the  linear  functions 
of  the  partial  errors  of  each  observation.  The  coeffi- 
cients of  these  functions  depend  upon  the  nature  of  the 
problem  and  upon  the  process  followed  in  order  to 
obtain  the  results.  The  most  advantageous  process  is 
evidently  that  in  which  the  same  error  in  the  results  is 
less  probable  than  according  to  any  other  process. 
The  application  of  the  calculus  of  probabilities  to 
natural  philosophy  consists,  then,  in  determining  analyti- 
cally the  probability  of  the  values  of  these  functions 
and  in  choosing  their  indeterminant  coefficients  in  such 
a  manner  that  the  law  of  this  probability  should  be 
most  rapidly  descending.  Eliminating,  then,  from  the 
formulae  by  the  data  of  the  question  the  factor  which  is 
introduced  by  the  almost  always  unknown  law  of  the 
probability  of  partial  errors,  we  may  be  able  to  evaluate 
numerically  the  probability  that  the  errors  of  the  results 
do  not  exceed  a  given  quantity.  We  shall  thus  have 
all  that  may  be  desired  touching  the  results  deduced 
from  a  great  number  of  observations. 

Very  approximate  results  may  be  obtained  by  other 
considerations.  Suppose,  for  example,  that  one  has  a 
thousand  and  one  observations  of  the  same  quantity; 
the  arithmetical  mean  of  all  these  observations  is  the 
result  given  by  the  most  advantageous  method.  But 
one  would  be  able  to  choose  the  result  according  to  the 
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condition  that  the  sum  of  the  variations  from  each 
partial  value  all  taken  positively  should  be  a  minimum. 
It  appears  indeed  natural  to  regard  as  very  approximate 
the  result  which  satisfies  this  condition.  It  is  easy  to 
see  that  if  one  disposes  the  values  given  by  the  obser- 
vations according  to  the  order  of  magnitude,  the  value 
which  will  occupy  the  mean  will  fulfil  the  preceding 
condition,  and  calculus  renders  it  apparent  that  in  the 
case  of  an  infinite  number  of  observations  it  would 
coincide  with  the  truth;  but  the  result  given  by  the 
most  advantageous  method  is  still  preferable. 

We  see  by  that  which  precedes  that  the  theory  of 
probabilities  leaves  nothing  arbitrary  in  the  manner  of 
distributing  the  errors  of  the  observations;  it  gives  for 
this  distribution  the  most  advantageous  formulae  which 
diminishes  as  much  as  possible  the  errors  to  be  feared 
in  the  results. 

The  consideration  of  probabilities  can  serve  to  dis- 
tinguish the  small  irregularities  of  the  celestial  move- 
ments enveloped  in  the  errors  of  observations,  and  to 
repass  to  the  cause  of  the  anomalies  observed  in  these 
movements. 

In  comparing  all  the  observations  it  was  Ticho-Brahe 
who  recognized  the  necessity  of  applying  to  the  moon 
an  equation  of  time  different  from  that  which  had  been 
applied  to  the  sun  and  to  the  planets.  It  was  similarly 
the  totality  of  a  great  number  of  observations  which 
made  Mayer  recognize  that  the  coefficient  of  the 
inequality  of  the  precession  ought  to  be  diminished  a 
little  for  the  moon.  But  since  this  diminution,  although 
confirmed  and  even  augmented  by  Mason,  did  not 
appear  to  result  from  universal  gravitation,  the  majority 
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of  astronomers  neglect  it  in  their  calculations.  Having 
submitted  to  the  calculation  of  probabilities  a  consider- 
able number  of  lunar  observations  chosen  for  this 
purpose  and  which  M.  Bouvard  consented  to  examine 
at  my  request,  it  appeared  to  me  to  be  indicated  with 
so  strong  a  probability  that  I  believed  the  cause  of  it 
ought  to  be  investigated.  I  soon  saw  that  it  would  be 
only  the  ellipticity  of  the  terrestrial  spheroid,  neglected 
up  to  that  time  in  the  theory  of  the  lunar  movement  as 
being  able  to  produce  only  imperceptible  terms.  I 
concluded  that  these  terms  became  perceptible  by  the 
successive  integrations  of  differential  equations.  I 
determined  then  those  terms  by  a  particular  analysis, 
and  I  discovered  first  the  inequality  of  the  lunar  move- 
ment in  latitude  which  is  proportional  to  the  sine  of 
the  longitude  of  the  moon,  which  no  astronomer  before 
had  suspected.  I  recognized  then  by  means  of  this 
inequality  that  another  exists  in  the  lunar  movement  in 
longitude  which  produces  the  diminution  observed  by 
Mayer  in  the  equation  of  the  precession  applicable  to 
the  moon.  The  quantity  of  this  diminution  and  the 
coefficient  of  the  preceding  inequality  in  latitude  are 
very  appropriate  to  fix  the  oblateness  of  the  earth. 
Having  communicated  my  researches  to  M.  Burg,  who 
was  occupied  at  that  time  in  perfecting  the  tables  of 
the  moon  by  the  comparison  of  all  the  good  observa- 
tions, I  requested  him  to  determine  with  a  particular 
care  these  two  quantities.  By  a  very  remarkable 
agreement  the  values  which  he  has  found  give  to  the 
earth  the  same  oblateness,  ^T,  which  differs  little  from 
the  mean  derived  from  the  measurements  of  the  degrees 
of  the  meridian  and  the  pendulum ;  but  those  regarded 
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from  the  point  of  view  of  the  influence  of  the  errors  of 
the  observations  and  of  the  perturbing  causes  in  these 
measurements,  did  not  appear  to  me  exactly  determined 
by  these  lunar  inequalities. 

It  was  again  by  the  consideration  of  probabilities  that 
I  recognized  the  cause  of  the  secular  equation  of  the 
moon.  The  modern  observations  of  this  star  compared 
to  the  ancient  eclipses  had  indicated  to  astronomers  an 
acceleration  in  the  lunar  movement ;  but  the  geometri- 
cians, and  particularly  Lagrange,  having  vainly  sought 
in  the  perturbations  which  this  movement  experienced 
the  terms  upon  which  this  acceleration  depends,  reject 
it.  An  attentive  examination  of  the  ancient  and 
modern  observations  and  of  the  intermediary  eclipses 
observed  by  the  Arabians  convinced  me  that  it  was 
indicated  with  a  great  probability.  I  took  up  again 
then  from  this  point  of  view  the  lunar  theory,  and  I 
recognized  that  the  secular  equation  of  the  moon  is  due 
to  the  action  of  the  sun  upon  this  satellite,  combined 
with  the  secular  variation  of  the  eccentricity  of  the  ter- 
restrial orb ;  this  brought  me  to  the  discovery  of  the 
secular  equations  of  the  movements  of  the  nodes  and 
of  the  perigees  of  the  lunar  orbit,  which  equations  had 
not  been  even  suspected  by  astronomers.  The  very 
remarkable  agreement  of  this  theory  with  all  the 
ancient  and  modern  observations  has  brought  it  to  a 
very  high  degree  of  evidence. 

The  calculus  of  probabilities  has  led  me  similarly  to 
the  cause  of  the  great  irregularities  of  Jupiter  and 
Saturn.  Comparing  modern  observations  with  ancient, 
Halley  found  an  acceleration  in  the  movement  of 
Jupiter  and  a  retardation  in  that  of  Saturn.      In  order 
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to  conciliate  the  observations  he  reduced  the  move- 
ments to  two  secular  equations  of  contrary  signs  and 
increasing  as  the  squares  of  the  times  passed  since 
1700.  Euler  and  Lagrange  submitted  to  analysis  the 
alterations  which  the  mutual  attraction  of  these  two 
planets  ought  to  produce  in  these  movements.  They 
found  in  doing  this  the  secular  equations;  but  their 
results  were  so  different  that  one  of  the  two  at  least 
ought  to  be  erroneous.  I  determined  then  to  take  up 
again  this  important  problem  of  celestial  mechanics,  and 
I  recognized  the  invariability  of  the  mean  planetary 
movements,  which  nullified  the  secular  equations  intro- 
duced by  Halley  in  the  tables  of  Jupiter  and  Saturn. 
Thus  there  remain,  in  order  to  explain  the  great 
irregularity  of  these  planets,  only  the  attractions  of  the 
comets  to  which  many  astronomers  had  effective 
recourse,  or  the  existence  of  an  irregularity  over  a  long 
period  produced  in  the  movements  of  the  two  planets 
by  their  reciprocal  action  and  affected  by  contrary 
signs  for  each  of  them.  A  theorem  which  I  found  in 
regard  to  the  inequalities  of  this  kind  rendered  this 
inequality  very  probable.  According  to  this  theorem, 
if  the  movement  of  Jupiter  is  accelerated,  that  of  Saturn 
is  retarded,  which  has  already  conformed  to  what 
Halley  had  noticed;  moreover,  the  acceleration  of 
Jupiter  resulting  from  the  same  theorem  is  to  the 
retardation  of  Saturn  very  nearly  in  the  ratio  of  the 
secular  equations  proposed  by  Halley.  Considering  the 
mean  movements  of  Jupiter  and  Saturn  I  was  enabled 
easily  to  recognize  that  two  times  that  of  Jupiter 
differed  only  by  a  very  small  quantity  from  five  times 
that  of  Saturn.      The  period  of  an  irregularity  which 
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would  have  for  an  argument  this  difference  would  be 
about  nine  centuries.  Indeed  its  coefficient  would  be 
of  the  order  of  the  cubes  of  the  eccentricities  of  the 
orbits;  but  I  knew  that  by  virtue  of  successive  integra- 
tions it  acquired  for  divisor  the  square  of  the  very  small 
multiplier  of  the  time  in  the  argument  of  this  inequality 
which  is  able  to  give  it  a  great  value ;  the  existence  of 
this  inequality  appeared  to  me  then  very  probable. 
The  following  observation  increased  then  its  probability. 
Supposing  its  argument  zero  toward  the  epoch  of  the 
observations  of  Ticho-Brahe,  I  saw  that  Halley  ought 
to  have  found  by  the  comparison  of  modern  with  ancient 
observations  the  alterations  which  he  had  indicated; 
while  the  comparison  of  the  modern  observations  among 
themselves  ought  to  offer  contrary  alterations  similar 
to  those  which  Lambert  had  concluded  from  this  com- 
parison. I  did  not  then  hesitate  at  all  to  undertake 
this  long  and  tedious  calculation  necessary  to  assure 
myself  of  this  inequality.  It  was  entirely  confirmed  by 
the  result  of  this  calculation,  which  moreover  made  me 
recognize  a  great  number  of  other  inequalities  of  which 
the  totality  has  inclined  the  tables  of  Jupiter  and  Saturn 
to  the  precision  of  the  same  observations. 

It  was  again  by  means  of  the  calculus  of  probabilities 
that  I  recognized  the  remarkable  law  of  the  mean 
movements  of  the  three  first  satellites  of  Jupiter,  accord- 
ing to  which  the  mean  longitude  of  the  first  minus 
three  times  that  of  the  second  plus  two  times  that  of 
the  third  is  rigorously  equal  to  the  half-circumference. 
The  approximation  with  which  the  mean  movements  of 
these  stars  satisfy  this  law  since  their  discovery  indicates 
its  existence  with  an  extreme  probability.      I  sought 
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then  the  cause  of  it  in  their  mutual  action.  The 
searching  examination  of  this  action  convinced  me  that 
it  was  sufficient  if  in  the  beginning  the  ratios  of  their 
mean  movements  had  approached  this  law  within 
certain  limits,  because  their  mutual  action  had  estab- 
lished and  maintained  it  rigorously.  Thus  these  three 
bodies  will  balance  one  another  eternally  in  space 
according  to  the  preceding  law  unless  strange  causes, 
such  as  comets,  should  change  suddenly  their  move- 
ment's about  Jupiter. 

Accordingly  it  is  seen  how  necessary  it  is  to  be  at- 
tentive to  the  indications  of  nature  when  they  are  the 
result  of  a  great  number  of  observations,  although  in 
other  respects  they  may  be  inexplicable  by  known 
means.  The  extreme  difficulty  of  problems  relative  to 
the  system  of  the  world  has  forced  geometricians  to  recur 
to  the  approximation  which  always  leaves  room  for  the 
fear  that  the  quantities  neglected  may  have  an  appreci- 
able influence.  When  they  have  been  warned  of  this 
influence  by  the  observations,  they  have  recurred  to 
their  analysis ;  in  rectifying  it  they  have  always  found 
the  cause  of  the  anomalies  observed ;  they  have  deter- 
mined the  laws  and  often  they  have  anticipated  the 
observations  in  discovering  the  inequalities  which  it  had 
not  yet  indicated.  Thus  one  may  say  that  nature 
itself  has  concurred  in  the  analytical  perfection  of  the 
theories  based  upon  the  principle  of  universal  gravity; 
and  this  is  to  my  mind  one  of  the  strongest  proofs  of 
the  truth  of  this  admirable  principle. 

In  the  cases  which  I  have  just  considered  the 
analytical  solution  of  the  question  has  changed  the 
probability  of  the  causes  into  certainty.     But  most  often 
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this  solution  is  impossible  and  it  remains  only  to 
augment  more  and  more  this  probability.  In  the  midst 
of  numerous  and  incalculable  modifications  which  the 
action  of  the  causes  receives  then  from  strange  circum- 
stances these  causes  conserve  always  with  the  effects 
observed  the  proper  ratios  to  make  them  recognizable 
and  to  verify  their  existence.  Determining  these  ratios 
and  comparing  them  with  a  great  number  of  observa- 
tions if  one  finds  that  they  constantly  satisfy  it,  the 
probability  of  the  causes  may  increase  to  the  point  of 
equalling  that  of  facts  in  regard  to  which  there  is  no 
doubt.  The  investigation  of  these  ratios  of  causes  to 
their  effects  is  not  less  useful  in  natural  philosophy 
than  the  direct  solution  of  problems  whether  it  be  to 
verify  the  reality  of  these  causes  or  to  determine  the 
laws  from  their  effects ;  since  it  may  be  employed  in  a 
great  number  of  questions  whose  direct  solution  is  not 
possible,  it  replaces  it  in  the  most  advantageous 
manner.  I  shall  discuss  here  the  application  which  I 
have  made  of  it  to  one  of  the  most  interesting  phenom- 
ena of  nature,  the  flow  and  the  ebb  of  the  sea. 

Pliny  has  given  of  this  phenomenon  a  description 
remarkable  for  its  exactitude,  and  in  it  one  sees  that 
the  ancients  had  observed  that  the  tides  of  each  month 
are  greatest  toward  the  syzygies  and  smallest  toward 
the  quadratures ;  that  they  are  higher  in  the  perigees 
than  in  the  apogees  of  the  moon,  and  higher  in  the 
equinoxes  than  in  the  solstices.  They  concluded  from 
this  that  this  phenomenon  is  due  to  the  action  of  the 
sun  and  moon  upon  the  sea.  In  the  preface  of  his 
work  De  Stella  Martis  Kepler  admits  a  tendency  of  the 
waters  of  the  sea  toward  the  moon ;  but,  ignorant  of  the 
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law  of  this  tendency,  he  was  able  to  give  on  this  subject 
only  a  probable  idea.  Newton  converted  into  certainty 
the  probability  of  this  idea  by  attaching  it  to  his  great 
principle  of  universal  gravity.  He  gave  the  exact 
expression  of  the  attractive  forces  which  produced  the 
flood  and  the  ebb  of  the  sea;  and  in  order  to  determine 
the  effects  he  supposed  that  the  sea  takes  at  each 
instant  the  position  of  equilibrium  which  is  agreeable 
to  these  forces.  He  explained  in  this  manner  the 
principal  phenomena  of  the  tides ;  but  it  followed  from 
this  theory  that  in  our  ports  the  two  tides  of  the  same 
day  would  be  very  unequal  if  the  sun  and  the  moon 
should  have  a  great  declination.  At  Brest,  for  exam- 
ple, the  evening  tide  would  be  in  the  syzygies  of  the 
solstices  about  eight  times  greater  than  the  morning 
tide,  which  is  certainly  contrary  to  the  observations 
which  prove  that  these  two  tides  are  very  nearly  equal. 
This  result  from  the  Newtonian  theory  might  hold  to 
the  supposition  that  the  sea  is  agreeable  at  each  instant 
to  a  position  of  equilibrium,  a  supposition  which  is  not 
at  all  admissible.  But  the  investigation  of  the  true 
figure  of  the  sea  presents  great  difficulties.  Aided  by 
the  discoveries  which  the  geometricians  had  just  made 
in  the  theory  of  the  movement  of  fluids  and  in  the 
calculus  of  partial  differences,  I  undertook  this  investi- 
gation, and  I  gave  the  differential  equations  of  the 
movement  of  the  sea  by  supposing  that  it  covers  the 
entire  earth.  In  drawing  thus  near  to  nature  I  had  the 
satisfaction  of  seeing  that  my  results  approached  the 
observations,  especially  in  regard  to  the  little  difference 
which  exists  in  our  ports  between  the  two  tides  of  the 
solstitial  syzygies  of  the  same  day.      I  found  that  they 
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would  be  equal  if  the  sea  had  everywhere  the  same 
depth ;  I  found  further  that  in  giving  to  this  depth 
convenient  values  one  was  able  to  augment  the  height 
of  the  tides  in  a  port  conformably  to  the  observations. 
But  these  investigations,  in  spite  of  their  generality,  did 
not  satisfy  at  all  the  great  differences  which  even 
adjacent  ports  present  in  this  regard  and  which  prove 
the  influence  of  local  circumstances.  The  impossibility 
of  knowing  these  circumstances  and  the  irregularity  of 
the  basin  of  the  seas  and  that  of  integrating  the  equa- 
tions of  partial  differences  which  are  relative  has  com- 
pelled me  to  make  up  the  deficiency  by  the  method  I 
have  indicated  above.  I  then  endeavored  to  determine 
the  greatest  ratios  possible  among  the  forces  which 
affect  all  the  molecules  of  the  sea;  and  their  effects 
observable  in  our  ports.  For  this  I  made  use  of  the 
following  principle,  which  may  be  applied  to  many 
other  phenomena. 

' '  The  state  of  the  system  of  a  body  in  which  the 
primitive  conditions  of  the  movement  have  disappeared 
by  the  resistances  which  this  movement  meets  is 
periodic  as  the  forces  which  animate  it. ' ' 

Combining  this  principle  with  that  of  the  coexistence 
of  very  small  oscillations,  I  have  found  an  expression 
of  the  height  of  the  tides  whose  arbitraries  contain  the 
effect  of  local  cricumstances  of  each  port  and  are 
reduced  to  the  smallest  number  possible ;  it  is  only 
necessary  to  compare  it  to  a  great  number  of  observa- 
tions. 

Upon  the  invitation  of  the  Academy  of  Sciences, 
observations  were  made  at  the  beginning  of  the  last 
century  at  Brest  upon  the  tides,  which  were  continued 
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during  six  consecutive  years.  The  situation  of  this 
port  is  very  favorable  to  this  sort  of  observations;  it 
communicates  with  the  sea  by  a  canal  which  empties 
into  a  vast  roadstead  at  the  far  end  of  which  the  port 
has  been  constructed.  The  irregularities  of  the  sea 
extend  thus  only  to  a  small  degree  into  the  port,  just 
as  the  oscillations  which  the  irregular  movement  of  a 
vessel  produces  in  a  barometer  are  diminished  by  a 
throttling  made  in  the  tube  of  this  instrument.  More- 
over, the  tides  being  considerable  at  Brest,  the  acciden- 
tal variations  caused  by  the  winds  are  only  feeble; 
likewise  we  notice  in  the  observations  of  these  tides, 
however  little  we  multiply  them,  a  great  regularity 
which  induced  me  to  propose  to  the  government  to 
order  in  this  port  a  new  series  of  observations  of  the 
tides,  continued  during  a  period  of  the  movement  of  the 
nodes  of  the  lunar  orbit.  This  has  been  done.  The 
observations  began  June  I,  1806;  and  since  this  time 
they  have  been  made  every  day  without  interruption. 
I  am  indebted  to  the  indefatigable  zeal  of  M.  Bouvard, 
for  all  that  interests  astronomy,  the  immense  calcula- 
tions which  the  comparison  of  my  analysis  with  the 
observations  has  demanded.  There  have  been  used 
about  six  thousand  observations,  made  during  the  year 
1807  and  the  fifteen  years  following.  It  results  from 
this  comparison  that  my  formulas  represent  with  a 
remarkable  precision  all  the  varieties  of  the  tides  rela- 
tive to  the  digression  of  the  moon,  from  the  sun,  to  the 
declination  of  these  stars,  to  their  distances  from  the 
earth,  and  to  the  laws  of  variation  at  the  maximum  and 
minimum  of  each  of  these  elements.  There  results 
from  this  accord  a  probability  that  the  flow  and  the  ebb 
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of  the  sea  is  due  to  the  attraction  of  the  sun  and  moon, 
so  approaching  certainty  that  it  ought  to  leave  room 
for  no  reasonable  doubt.  It  changes  into  certainty 
when  we  consider  that  this  attraction  is  derived  from 
the  law  of  universal  gravity  demonstrated  by  all  the 
celestial  phenomena. 

The  action  of  the  moon  upon  the  sea  is  more  than 
double  that  of  the  sun.  Newton  and  his  successors  in 
the  development  of  this  action  have  paid  attention 
only  to  the  terms  divided  by  the  cube  of  the  distance 
from  the  moon  to  the  earth,  judging  that  the  effects 
due  to  the  following  terms  ought  to  be  inappreciable. 
But  the  calculation  of  probabilities  makes  it  clear  to.  us 
that  the  smallest  effects  of  regular  causes  may  manifest 
themselves  in  the  results  of  a  great  number  of  observa- 
tions arranged  in  the  order  most  suitable  to  indicate 
them.  This  calculation  again  determines  their  prob- 
ability and  up  to  what  point  it  is  necessary  to  multiply 
the  observations  to  make  it  very  great.  Applying  it 
to  the  numerous  observations  discussed  by  M.  Bouvard 
I  recognized  that  at  Brest  the  action  of  the  moon  upon 
the  sea  is  greater  in  the  full  moons  than  in  the  new 
moons,  and  greater  when  the  moon  is  austral  than 
when  it  is  boreal — phenomena  which  can  result  only 
from  the  terms  of  the  lunar  action  divided  by  the 
fourth  power  of  the  distance  from  the  moon  to  the 
earth. 

To  arrive  at  the  ocean  the  action  of  the  sun  and  the 
moon  traverses  the  atmosphere,  which  ought  conse- 
quently to  feel  its  influence  and  to  be  subjected  to 
movements  similar  to  those  of  the  sea. 

These  movements  produce  in  the  barometer  periodic 
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oscillations.  Analysis  has  made  it  clear  to  me  that 
they  are  inappreciable  in  our  climates.  But  as  local 
circumstances  increase  considerably  the  tides  in  our 
ports,  I  have  inquired  again  if  similar  circumstances 
have  made  appreciable  these  oscillations  of  the 
barometer.  For  this  I  have  made  use  of  the  meteoro- 
logical observations  which  have  been  made  every  day 
for  many  years  at  the  royal  observatory.  The  heights 
of  the  barometer  and  of  the  thermometer  are  observed 
there  at  nine  o'clock  in  the  morning,  at  noon,  at  three 
o'clock  in  the  afternoon,  and  at  eleven  o'clock  in  the 
evening.  M.  Bouvard  has  indeed  wished  to  take  up 
the  consideration  of  observations  of  the  eight  years 
elapsed  from  October  I,  1 8 1 5 ,  to  October  1,  1823,  on 
the  registers.  In  disposing  the  observations  in  the 
manner  most  suitable  to  indicate  the  lunar  atmospheric 
flood  at  Paris,  I  find  only  one  eighteenth  of  a  milli- 
meter for  the  extent  of  the  corresponding  oscillation  of 
the  barometer.  It  is  this  especially  which  has  made 
us  feel  the  necessity  of  a  method  for  determining  the 
probability  of  a  result,  and  without  this  method  one  is 
forced  to  present  as  the  laws  of  nature  the  results  of 
irregular  causes  which  has  often  happened  in  mete- 
orology. This  method  applied  to  the  preceding  result 
shows  the  uncertainty  of  it  in  spite  of  the  great  number 
of  observations  employed,  which  it  would  be  necessary 
to  increase  tenfold  in  order  to  obtain  a  result  suffi- 
ciently probable. 

The  principle  which  serves  as  a  basis  for  my  theory 
of  the  tides  may  be  extended  to  all  the  effects  of  hazard 
to  which  variable  causes  are  joined  according  to  regular 
laws.     The  action  of  these  causes  produces  in  the  mean 
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results  of  a  great  number  of  effects  varieties  which 
follow  the  same  laws  and  which  one  may  recognize  by 
the  analysis  of  probabilities.  In  the  measure  which 
these  effects  are  multiplied  those  varieties  are  mani- 
fested with  an  ever-increasing  probability,  which  would 
approach  certainty  if  the  number  of  the  effects  of  the 
results  should  become  infinite.  This  theorem  is 
analogous  to  that  which  I  have  already  developed  upon 
the  action  of  constant  causes.  Every  time,  then,  that 
a  cause  whose  progress  is  regular  can  have  influence 
upon  a  kind  of  events,  we  may  seek  to  discover  its 
influence  by  multiplying  the  observations  and  arrang- 
ing them  in  the  most  suitable  order  to  indicate  it. 
When  this  influence  appears  to  manifest  itself  the 
analysis  of  probabilities  determines  the  probability  of 
its  existence  and  that  of  its  intensity ;  thus  the  variation 
of  the  temperature  from  day  to  night  modifying  the  pres- 
sure of  the  atmosphere  and  consequently  the  height  of 
the  barometer,  it  is  natural  to  think  that  the  multiplied 
observations  of  these  heights  ought  to  show  the  influ- 
ence of  the  solar  heat.  Indeed  there  has  long  been 
recognized  at  the  equator,  where  this  influence  appears 
to  be  greatest,  a  small  diurnal  variation  in  the  height 
of  the  barometer  of  which  the  maximum  occurs  about 
nine  o'clock  in  the  morning  and  the  minimum  about 
three  o'clock  in  the  afternoon.  A  second  maximum 
occurs  about  eleven  o'clock  in  the  evening  and  a 
second  minimum  about  four  o'clock  in  the  morning. 
The  oscillations  of  the  night  are  less  than  those  of  the 
day,  the  extent  of  which  is  about  two  millimeters. 
The  inconstancy  of  our  climate  has  not  taken  this 
variation  from  our  observers,  although  it  may  be  less 
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appreciable  than  in  the  tropics.  M.  Ramond  has 
recognized  and  determined  it  at  Clermont,  the  chief 
place  of  the  district  of  Puy-de-D6me,  by  a  series  of 
precise  observations  made  during  several  years ;  he  has 
even  found  that  it  is  smaller  in  the  months  of  winter 
than  in  other  months.  The  numerous  observations 
which  I  have  discussed  in  order  to  estimate  the  influ- 
ence of  attractions  of  the  sun  and  the  moon  upon  the 
barometric  heights  at  Paris  have  served  me  in  deter- 
mining their  diurnal  variation.  Comparing  the  heights 
at  nine  o'clock  in  the  morning  with  those  of  the  same 
days  at  three  o'clock  in  the  afternoon,  this  variation  is 
manifested  with  so  much  evidence  that  its  mean  value 
each  month  has  been  constantly  positive  for  each  of 
the  seventy-two  months  from  January  I,  1817,  to 
January  1,  1823;  its  mean  value  in  these  seventy-two 
months  has  been  almost  .8  of  a  millimeter,  a  little  less 
than  at  Clermont  and  much  less  than  at  the  equator. 
I  have  recognized  that  the  mean  result  of  the  diurnal 
variations  of  the  barometer  from  9  o'clock  A.M.  to 
3  P.M.  has  been  only  .5428  millimeter  in  the  three 
months  of  November,  December,  January,  and  that  it 
has  risen  to  1.0563  millimeters  in  the  three  following 
months,  which  coincides  with  the  observations  of 
M.  Ramond.  The  other  months  offer  nothing  similar. 
In  order  to  apply  to  these  phenomena  the  calculation 
of  these  probabilities,  I  commenced  by  determining  the 
law  of  the  probability  of  the  anomalies  of  the  diurnal 
variation  due  to  hazard.  Applying  it  then  to  the  obser- 
vations of  this  phenomenon,  I  found  that  it  was  a  bet  01 
more  than  300,000  against  one  that  a  regular  cause 
produced  it.      I  do  not  seek  to  determine  this  cause;   I 
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content  myself  with  stating  its  existence.  The  period 
of  the  diurnal  variation  regulated  by  the  solar  day  indi- 
cates evidently  that  this  variation  is  due  to  the  action 
of  the  sun.  The  extreme  smallness  of  the  attractive 
action  of  the  sun  upon  the  atmosphere  is  proved  by  the 
smallness  of  the  effects  due  to  the  united  attractions  of 
the  sun  and  the  moon.  It  is  then  by  the  action  of  its 
heat  that  the  sun  produces  the  diurnal  variation  of  the 
barometer ;  but  it  is  impossible  to  subject  to  calculus 
the  effects  of  its  action  on  the  height  of  the  barometer 
and  upon  the  winds.  The  diurnal  variation  of  the 
magnetic  needle  is  certainly  a  result  of  the  action  of 
the  sun.  But  does  this  star  act  here  as  in  the  diurnal 
variation  of  the  barometer  by  its  heat  or  by  its  influence 
upon  electricity  and  upon  magnetism,  or  finally  by  the 
union  of  these  influences  ?  A  long  series  of  observa- 
tions made  in  different  countries  will  enable  us  to 
apprehend  this. 

One  of  the  most  remarkable  phenomena  of  the 
system  of  the  world  is  that  of  all  the  movemens  of 
rotation  and  of  revolution  of  the  planets  and  the 
satellites  in  the  sense  of  the  rotation  of  the  sun  and 
about  in  the  same  plane  of  its  equator.  A  phenomenon 
so  remarkable  is  not  the  effect  of  hazard:  it  indicates 
a  general  cause  which  has  determined  all  its  move- 
ments. In  order  to  obtain  the  probability  with  which 
this  cause  is  indicated  we  shall  observe  that  the 
planetary  system,  such  as  we  know  it  to-day,  is  com- 
posed of  eleven  planets  and  of  eighteen  satellites  at 
least,  if  we  attribute  with  Herschel  six  satellites  to  the 
planet  Uranus.  The  movements  of  the  rotation  of  the 
sun,   of  six  planets,  of  the  moon,  of  the  satellites  of 
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Jupiter,  of  the  ring  of  Saturn,  and  of  one  of  its  satellites 
have  been  recognized.  These  movements  form  with 
those  of  revolution  a  totality  of  forty-three  movements 
directed  in  the  same  sense;  but  one  finds  by  the  analy- 
sis of  probabilities  that  it  is  a  bet  of  more  than 
4000000000000  against  one  that  this  disposition  is 
not  the  result  of  hazard ;  this  forms  a  probability  indeed 
superior  to  that  of  historical  events  in  regard  to  which 
no  doubt  exists.  We  ought  then  to  believe  at  least 
with  equal  confidence  that  a  primitive  cause  has 
directed  the  planetary  movements,  especially  if  we 
consider  that  the  inclination  of  the  greatest  number  of 
these  movements  at  the  solar  equator  is  very  small. 

Another  equally  remarkable  phenomenon  of  the  solar 
system  is  the  small  degree  of  the  eccentricity  of  the 
orbs  of  the  planets  and  the  satellites,  while  those  of  the 
comets  are  very  elongated,  the  orbs  of  the  system  not 
offering  any  intermediate  shades  between  a  great  and 
a  small  eccentricity.  We  are  again  forced  to  recog- 
nize here  the  effect  of  a  regular  cause;  chance  has 
certainly  not  given  an  almost  circular  form  to  the 
orbits  of  all  the  planets  and  their  satellites ;  it  is  then 
that  the  cause  which  has  determined  the  movements  of 
these  bodies  has  rendered  them  almost  circular.  It  is 
necessary,  again,  that  the  great  eccentricities  of  the 
orbits  of  the  comets  should  result  from  the  existence 
of  this  cause  without  its  having  influenced  the  direction 
of  their  movements ;  for  it  is  found  that  there  are  almost 
as  many  retrograde  comets  as  direct  comets,  and  that 
the  mean  inclination  of  all  their  orbits  to  the  ecliptic 
approaches  very  nearly  half  a  right  angle,  as  it  ought 
to  be  if  the  bodies  had  been  thrown  at  hazard. 
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Whatever  may  be  the  nature  of  the  cause  in  question, 
since  it  has  produced  or  directed  the  movement  of  the 
planets,  it  is  necessary  that  it  should  have  embraced  all 
the  bodies  and  considered  all  the  distances  which  sepa- 
rate them,  it  can  have  been  only  a  fluid  of  an  immense 
extension.  Therefore  in  order  to  have  given  them  in 
the  same  sense  an  almost  circular  movement  about  the 
sun  it  is  necessary  that  this  fluid  should  have  surrounded 
this  star  as  an  atmosphere.  The  consideration  of  the 
planetary  movements  leads  us  then  to  think  that  by 
virtue  of  an  excessive  heat  the  atmosphere  of  the  sun 
was  originally  extended  beyond  the  orbits  of  all  the 
planets,  and  that  it  has  contracted  gradually  to  its 
present  limits. 

In  the  primitive  state  where  we  imagine  the  sun  it 
resembled  the  nebulae  that  the  telescope  shows  us 
composed  of  a  nucleus  more  or  less  brilliant  surrounded 
by  a  nebula  which,  condensing  at  the  surface,  ought 
to  transform  it  some  day  into  a  star.  If  one  conceives 
by  analogy  all  the  stars  formed  in  this  manner,  one 
can  imagine  their  anterior  state  of  nebulosity  itself  pre- 
ceded by  other  stars  in  which  the  nebulous  matter  was 
more  and  more  diffuse,  the  nucleus  being  less  and  less 
luminous  and  dense.  Going  back,  then,  as  far  as 
possible,  one  would  arrive  at  a  nebulosity  so  diffuse 
that  one  would  be  able  scarcely  to  suspect  its  exist- 
ence. 

Such  is  indeed  the  first  state  of  the  nebulae  which 
Herschel  observed  with  particular  care  by  means  of  his 
powerful  telescopes,  and  in  which  he  has  followed  the 
progress  of  condensation,  not  in  a  single  one,  these 
stages   not  becoming   appreciable   to   us   except  after 
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centuries,  but  in  their  totality,  just  about  as  one  can  in 
a  vast  forest  follow  the  increase  of  the  trees  by  the 
individuals  of  the  divers  ages  which  the  forest  contains. 
Pie  has  observed  from  the  beginning  nebulous  matter 
spread  out  in  divers  masses  in  the  different  parts  of  the 
heavens,  of  which  it  occupies  a  great  extent.  He  has 
seen  in  some  of  these  masses  this  matter  slightly  con- 
densed about  one  or  several  faintly  luminous  nebulas. 
In  the  other  nebulae  these  nuclei  shine,  moreover,  in 
proportion  to  the  nebulosity  which  surrounds  them. 
The  atmospheres  of  each  nucleus  becoming  separated 
by  an  ulterior  condensation,  there  result  the  multifold 
nebulae  formed  of  brilliant  nuclei  very  adjacent  and 
surrounded  each  by  an  atmosphere ;  sometimes  the 
nebulous  matter,  by  condensing  in  a  uniform  manner, 
has  produced  the  nebulae  which  are  called  planetary. 
Finally  a  greater  degree  of  condensation  transforms  all 
these  nebulae  into  stars.  The  nebulae  classed  accord- 
ing to  this  philosophic  view  indicate  with  an  extreme 
probability  their  future  transformation  into  stars  and 
the  anterior  state  of  nebulosity  of  existing  stars.  The 
following  considerations  come  to  the  aid  of  proofs 
drawn  from  these  analogies. 

For  a  long  time  the  particular  disposition  of  certain 
stars  visible  to  the  naked  eye  has  struck  the  attention 
of  philosophical  observers.  Mitchel  has  already 
remarked  how  improbable  it  is  that  the  stars  of  the 
Pleiades,  for  example,  should  have  been  confined  in 
the  narrow  space  which  contain  them  by  the  chances 
of  hazard  alone,  and  he  has  concluded  from  this  that 
this  group  of  stars  and  the  similar  groups  that  the 
heaven  presents  us  are  the  results  of  a  primitive  cause 
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or  of  a  general  law  of  nature.  These  groups  are  a 
necessary  result  of  the  condensation  of  the  nebulae  at 
several  nuclei ;  it  is  apparent  that  the  nebulous  matter 
being  attracted  continuously  by  the  divers  nuclei,  they 
ought  to  form  in  time  a  group  of  stars  equal  to  that  of 
the  Pleiades.  The  condensation  of  the  nebulae  at  two 
nuclei  forms  similarly  very  adjacent  stars,  revolving  the 
one  about  the  other,  equal  to  those  whose  respective 
movements  Herschel  has  already  considered.  Such 
are,  further,  the  6 1st  of  the  Swan  and  its  following  one 
in  which  Bessel  has  just  recognized  particular  move- 
ments so  considerable  and  so  little  different  that  the 
proximity  of  these  stars  to  one  another  and  their 
movement  about  the  common  centre  of  gravity  ought 
to  leave  no  doubt.  Thus  one  descends  by  degrees 
from  the  condensation  of  nebulous  matter  to  the  con- 
sideration of  the  sun  surrounded  formerly  by  a  vast 
atmosphere,  a  consideration  to  which  one  repasses,  as 
has  been  seen,  by  the  examination  of  the  phenomena 
of  the  solar  system.  A  case  so  remarkable  gives  to 
the  existence  of  this  anterior  state  of  the  sun  a  prob- 
ability strongly  approaching  certainty. 

But  how  has  the  solar  atmosphere  determined  the 
movements  of  rotation  and  revolution  of  the  planets 
and  the  satellites  ?  If  these  bodies  had  penetrated 
deeply  the  atmosphere  its  resistance  would  have  caused 
them  to  fall  upon  the  sun ;  one  is  then  led  to  believe 
with  much  probability  that  the  planets  have  been 
formed  at  the  successive  limits  of  the  solar  atmosphere 
which,  contracting  by  the  cold,  ought  to  have  abandoned 
in  the  plane  of  its  equator  zones  of  vapors  which  the 
mutual  attraction  of  their  molecules  has  changed  into 
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divers  spheroids.      The  satellites  have  been  similarly 
formed  by  the  atmospheres  of  their  respective  planets. 

I  have  developed  at  length  in  my  Exposition  of  the 
System  of  the  World  this  hypothesis,  which  appears  to 
me  to  satisfy  all  the  phenomena  which  this  system 
presents  us.  I  shall  content  myself  here  with  con- 
sidering that  the  angular  velocity  of  rotation  of  the 
sun  and  the  planets  being  accelerated  by  the  successive 
condensation  of  their  atmospheres  at  their  surfaces,  it 
ought  to  surpass  the  angular  velocity  of  revolution  of 
the  nearest  bodies  which  revolve  about  them.  Obser- 
vation has  indeed  confirmed  this  with  regard  to  the 
planets  and  satellites,  and  even  in  ratio  to  the  ring  of 
Saturn,  the  duration  of  whose  revolution  is  .438 
days,  while  the  duration  of  the  rotation  of  Saturn  is 
.427   days. 

In  this  hypothesis  the  comets  are  strangers  to  the 
planetary  system.  In  attaching  their  formation  to  that 
of  the  nebulae  they  may  be  regarded  as  small  nebulas 
at  the  nuclei,  wandering  from  systems  to  solar  systems, 
and  formed  by  the  condensation  of  the  nebulous  matter 
spread  out  in  such  great  profusion  in  the  universe. 
The  comets  would  be  thus,  in  relation  to  our  system,  as 
the  aerolites  are  relatively  to  the  Earth,  to  which  they 
would  appear  strangers.  When  these  stars  become 
visible  to  us  they  offer  so  perfect  resemblance  to  the 
nebulae  that  they  are  often  confounded  with  them ;  and 
it  is  only  by  their  movement,  or  by  the  knowledge  of 
all  the  nebulae  confined  to  that  part  of  the  heavens 
where  they  appear,  that  we  succeed  in  distinguishing 
them.  This  supposition  explains  in  a  happy  manner 
the  <7reat  extension  which  the  heads  and  tails  of  comets 
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take  in  the  measure  that  they  approach  the  sun,  and  the 
extreme  rarity  of  these  tails  which,  in  spite  of  their 
immense  depth,  do  not  weaken  at  all  appreciably  the 
light  of  the  stars  which  we  look  across. 

When  the  little  nebulae  come  into  that  part  of  space 
where  the  attraction  of  the  sun  is  predominant,  and 
which  we  shall  call  the  sphere  of  activity  of  this  star, 
it  forces  them  to  describe  elliptic  or  hyperbolic  orbits. 
But  their  speed  being  equally  possible  in  all  directions 
they  ought  to  move  indifferently  in  all  the  senses  and 
under  all  inclinations  of  the  elliptic,  which  is  conform- 
able to  that  which  has  been  observed. 

The  great  eccentricity  of  the  cometary  orbits  results 
again  from  the  preceding  hypothesis.  Indeed  if  these 
orbits  are  elliptical  they  are  very  elongated,  since  their 
great  axes  are  at  least  equal  to  the  radius  of  the  sphere 
of  activity  of  the  sun.  But  these  orbits  may  be  hyper- 
bolic ;  and  if  the  axes  of  these  hyperbolae  are  not  very 
large  in  proportion  to  the  mean  distance  from  the  sun 
to  the  earth,  the  movement  of  the  comets  which  describe 
them  will  appear  sensibly  hyperbolic.  However,  of 
the  hundred  comets  of  which  we  already  have  the  ele- 
ments, not  one  has  appeared  certainly  to  move  in  an 
hyperbola;  it  is  necessary,  then,  that  the  chances  which 
give  an  appreciable  hyperbola  should  be  extremely 
rare  in  proportion  to  the  contrary  chances. 

The  comets  are  so  small  that,  in  order  to  become 
visible,  their  perihelion  distance  ought  to  be  inconsider- 
able. Up  to  the  present  this  distance  has  surpassed 
only  twice  the  diameter  of  the  terrestrial  orbit,  and 
most  often  it  has  been  below  the  radius  of  this  orbit. 
It  is  conceived  that,  in  order  to  approach  so  near  the 
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sun,  their  speed  at  the  moment  of  their  entrance  into 
its  sphere  of  activity  ought  to  have  a  magnitude  and  a 
direction  confined  within  narrow  limits.  In  determin- 
ing by  the  analysis  of  probabilities  the  ratio  of  the 
chances  which,  in  these  limits,  give  an  appreciable 
hyperbola,  to  the  chances  which  give  an  orbit  which 
may  be  confounded  with  a  parabola,  I  have  found  that 
it  is  a  bet  of  at  least  6000  against  one  that  a  nebula 
which  penetrates  into  the  activity  of  the  sun  in  such  a 
manner  as  to  be  observed  will  describe  either  a  very 
elongated  ellipse  or  an  hyperbola.  By  the  magnitude 
of  its  axis,  the  latter  will  be  appreciably  confounded 
with  a  parabola  in  the  part  which  is  observed;  it  is 
then  not  surprising  that,  up  to  this  time,  hyperbolic 
movements  have  not  been  recognized. 

The  attraction  of  the  planets,  and,  perhaps  further,  the 
resistance  of  the  ethereal  centres,  ought  to  have  changed 
many  cometary  orbits  in  the  ellipses  whose  great  axis 
is  less  than  the  radius  of  the  sphere  of  activity  of  the 
sun,  which  augments  the  chances  of  the  elliptical  orbits. 
We  may  believe  that  this  change  has  taken  place  with 
the  comet  of  1759,  and  with  the  comet  whose  duration 
is  only  twelve  hundred  days,  and  which  will  reappear 
without  ceasing  in  this  short  interval,  unless  the 
evaporation  which  it  meets  at  each  of  its  returns  to  the 
perihelion  ends  by  rendering  it  invisible. 

We  are  able  further,  by  the  analysis  of  probabilities, 
to  verify  the  existence  or  the  influence  of  certain  causes 
whose  action  is  believed  to  exist  upon  organized  beings. 
Of  all  the  instruments  that  we  are  able  to  employ  in 
order  to  recognize  the  imperceptible  agents  of  nature 
the  most  sensitive  are  the  nerves,  especially  when  par- 


PROBABILITIES  AND  NATURAL   PHILOSOPHY.       105 

ticular  causes  increase  their  sensibility.  It  is  by  their 
aid  that  the  feeble  electricity  which  the  contact  of  two 
heterogeneous  metals  develops  has  been  discovered ; 
this  has  opened  a  vast  field  to  the  researches  of  physi- 
cists and  chemists.  The  singular  phenomena  which 
results  from  extreme  sensibility  of  the  nerves  in  some 
individuals  have  given  birth  to  divers  opinions  about  the 
existence  of  a  new  agent  which  has  been  named  animal 
magnetism,  about  the  action  on  ordinary  magnetism, 
and  about  the  influence  of  the  sun  and  moon  in  some 
nervous  affections,  and  finally,  about  the  impressions 
which  the  proximity  of  metals  or  of  running  water 
makes  felt.  It  is  natural  to  think  that  the  action  of 
these  causes  is  very  feeble,  and  that  it  may  be  easily 
disturbed  by  accidental  circumstances;  thus  because  in 
some  cases  it  is  not  manifested  at  all  its  existence 
ought  not  to  be  denied.  We  are  so  far  from  recogniz- 
ing all  the  agents  of  nature  and  their  divers  modes  of 
action  that  it  would  be  unphilosophical  to  deny  the 
phenomena  solely  because  they  are  inexplicable  in  the 
present  state  of  our  knowledge.  But  we  ought  to 
examine  them  with  an  attention  as  much  the  more 
scrupulous  as  it  appears  the  more  difficult  to  admit 
them ;  and  it  is  here  that  the  calculation  of  probabilities 
becomes  indispensable  in  determining  to  just  what 
point  it  is  necessary  to  multiply  the  observations  or  the 
experiences  in  order  to  obtain  in  favor  of  the  agents 
which  they  indicate,  a  probability  superior  to  the 
reasons  which  can  be  obtained  elsewhere  for  not 
admitting  them. 

The  calculation  of  probabilities  can  make  appreciable 
the  advantages  and  the  inconveniences  of  the  methods 
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employed  in  the  speculative  sciences.  Thus  in  order 
to  recognize  the  best  of  the  treatments  in  use  in  the 
healing  of  a  malady,  it  is  sufficient  to  test  each  of  them 
on  an  equal  number  of  patients,  making  all  the  condi- 
tions exactly  similar;  the  superiority  of  the  most 
advantageous  treatment  will  manifest  itself  more  and 
more  in  the  measure  that  the  number  is  increased ;  and 
the  calculation  will  make  apparent  the  corresponding 
probability  of  its  advantage  and  the  ratio  according  to 
which  it  is  superior  to  the  others. 


CHAPTER    X. 

APPLICATION   OF    THE    CALCULUS    OF    PROB- 
ABILITIES  TO   THE  MORAL  SCIENCES. 

We  have  just  seen  the  advantages  of  the  analysis  of 
probabilities  in  the  investigation  of  the  laws  of  natural 
phenomena  whose  causes  are  unknown  or  so  compli- 
cated that  their  results  cannot  be  submitted  to  calculus. 
This  is  the  case  of  nearly  all  subjects  of  the  moral 
sciences.  So  many  unforeseen  causes,  either  hidden 
or  inappreciable,  influence  human  institutions  that  it  is 
impossible  to  judge  a  priori  the  results.  The  series  of 
events  which  time  brings  about  develops  these  results 
and  indicates  the  means  of  remedying  those  that  are 
harmful.  Wise  laws  have  often  been  made  in  this 
regard ;  but  because  we  had  neglected  to  conserve  the 
motives  many  have  been  abrogated  as  useless,  and  the 
fact  that  vexatious  experiences  have  made  the  need  felt 
anew  ought  to  have  reestablished  them. 

It  is  very  important  to  keep  in  each  branch  of  the 
public  administration  an  exact  register  of  the  results 
which  the  various  means  used  have  produced,  and  which 
are  so  many  experiences  made  on  a  large  scale  by 
governments.      Let  us  apply  to  the  political  and  moral 
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sciences  the  method  founded  upon  observation  and 
upon  calculus,  the  method  which  has  served  us  so  well 
in  the  natural  sciences.  Let  us  not  offer  in  the  least 
a  useless  and  often  dangerous  resistance  to  the 
inevitable  effects  of  the  progress  of  knowledge;  but  let 
us  change  only  with  an  extreme  circumspection  our 
institutions  and  the  usages  to  which  we  have  already 
so  long  conformed.  We  should  know  well  by  the 
experience  of  the  past  the  difficulties  which  they 
present ;  but  we  are  ignorant  of  the  extent  of  the  evils 
which  their  change  can  produce.  In  this  ignorance 
the  theory  of  probability  directs  us  to  avoid  all  change ; 
especially  is  it  necessary  to  avoid  the  sudden  changes 
which  in  the  moral  world  as  well  as  in  the  physical 
world  never  operate  without  a  great  loss  of  vital  force. 
Already  the  calculus  of  probabilities  has  been  applied 
with  success  to  several  subjects  of  the  moral  sciences. 
I  shall  present  here  the  principal  results. 


CHAPTER   XL 

CONCERNING   THE  PROBABILITIES  OF  TESTI- 
MONIES. 

The  majority  of  our  opinions  being  founded  on  the 
probability  of  proofs  it  is  indeed  important  to  submit  it 
to  calculus.  Things  it  is  true  often  become  impossible 
by  the  difficulty  of  appreciating  the  veracity  of  wit- 
nesses and  by  the  great  number  of  circumstances  which 
accompany  the  deeds  they  attest ;  but  one  is  able  in 
several  cases  to  resolve  the  problems  which  have  much 
analogy  with  the  questions  which  are  proposed  and 
whose  solutions  may  be  regarded  as  suitable  approxi- 
mations to  guide  and  to  defend  us  againt  the  errors  and 
the  dangers  of  false  reasoning  to  which  we  are  exposed. 
An  approximation  of  this  kind,  when  it  is  well  made, 
is  always  preferable  to  the  most  specious  reasonings. 
Let  us  try  then  to  give  some  general  rules  for  obtain- 
ing it. 

A  single  number  has  been  drawn  from  an  urn  which 
contains  a  thousand  of  them.  A  witness  to  this  draw- 
ing announces  that  number  79  is  drawn ;  one  asks  the 
probability  of  drawing  this  number.  Let  us  suppose 
that   experience  has  made   known  that   this  witness 
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deceives  one  time  in  ten,  so  that  the  probability  of  his 
testimony  is  T\.  Here  the  event  observed  is  the  wit- 
ness attesting  that  number  79  is  drawn.  This  event 
may  result  from  the  two  following  hypotheses,  namely: 
that  the  witness  utters  the  truth  or  that  he  deceives. 
Following  the  principle  that  has  been  expounded  on 
the  probability  of  causes  drawn  from  events  observed 
it  is  necessary  first  to  determine  a  priori  the  probabil- 
ity of  the  event  in  each  hypothesis.  In  the  first,  the 
probability  that  the  witness  will  announce  number  79 
is  the  probability  itself  of  the  drawing  of  this  number, 
that  is  to  say,  twt-  It  is  necessary  to  multiply  it  by 
the  probability  ^  of  the  veracity  of  the  witness ;  one 
will  have  then  T-o(hn5  f°r  tne  probability  of  the  event 
observed  in  this  hypothesis.  If  the  witness  deceives, 
number  79  is  not  drawn,  and  the  probability  of  this 
case  is  TVoV  But  to  announce  the  drawing  of  this 
number  the  witness  has  to  choose  it  among  the  999 
numbers  not  drawn ;  and  as  he  is  supposed  to  have  no 
motive  of  preference  for  the  ones  rather  than  the 
others,  the  probability  that  he  will  choose  number  79 
is  -5^;  multiplying,  then,  this  probability  by  the  pre- 
ceding one,  we  shall  have  xgVo  for  the  probability  that 
the  witness  will  announce  number  79  in  the  second 
hypothesis.  It  is  necessary  again  to  multiply  this 
probability  by  -fo  of  the  hypothesis  itself,  which  gives 
to  loo  f°r  the  probability  of  the  event  relative  to  this 
hypothesis.  Now  if  we  form  a  fraction  whose  numera- 
tor is  the  probability  relative  to  the  first  hypothesis,  and 
whose  denominator  is  the  sum  of  the  probabilities  rela- 
tive to  the  two  hypotheses,  we  shall  have,  by  the  sixth 
principle,  the  probability  of  the  first  hypothesis,    and 
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this  probability  will  be  T9ff ;  that  is  to  say,  the  veracity 
itself  of  the  witness.  This  is  likewise  the  probability 
of  the  drawing  of  number  79.  The  probability  of  the 
falsehood  of  the  witness  and  of  the  failure  of  drawing 
this  number  is  -fV 

If  the  witness,  wishing  to  deceive,  has  some  interest 
in  choosing  number  79  among  the  numbers  not  drawn, 
— if  he  judges,  for  example,  that  having  placed  upon 
this  number  a  considerable  stake,  the  announcement 
of  its  drawing  will  increase  his  credit,  the  probability 
that  he  will  choose  this  number  will  no  longer  be  as 
at  first,  -q^-q,  it  will  then  be  £,  £,  etc.,  according  to  the 
interest  that  he  will  have  in  announcing  its  drawing. 
Supposing  it  to  be  ^,  it  will  be  necessary  to  multiply 
by  this  fraction  the  probability  -^flft,  in  order  to  get  in 
the  hypothesis  of  the  falsehood  the  probability  of  the 
event  observed,  which  it  is  necessary  still  to  multiply 
by  TV,  which  gives  Tinhhr  ^or  t^ie  probability  of  the 
event  in  the  second  hypothesis.  Then  the  probability 
of  the  first  hypothesis,  or  of  the  drawing  of  number  79, 
is  reduced  by  the  preceding  rule  to  TfT.  It  is  then 
very  much  decreased  by  the  consideration  of  the  in- 
terest which  the  witness  may  have  in  announcing  the 
drawing  of  number  *  79.  In  truth  this  same  interest 
increases  the  probability  T9T  that  the  witness  will  speak 
the  truth  if  number  79  is  drawn.  But  this  probability 
cannot  exceed  unity  or  |-§-;  thus  the  probability  of  the 
drawing  of  number  79  will  not  surpass  T1/T.  Common 
sense  tells  us  that  this  interest  ought  to  inspire  distrust, 
but  calculus  appreciates  the  influence  of  it. 

The  probability  a  priori  of  the  number  announced 
by  the  witness  is  unity  divided  by  the  number  of  the 
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numbers  in  the  urn;  it  is  changed  by  virtue  of  the 
proof  into  the  veracity  itself  of  the  witness;  it  may  then 
be  decreased  by  the  proof.  If,  for  example,  the  urn 
contains  only  two  numbers,  which  gives  \  for  the 
probability  a  priori  of  the  drawing  of  number  I ,  and  if 
the  veracity  of  a  witness  who  announces  it  is  -j\,  this 
drawing  becomes  less  probable.  Indeed  it  is  apparent, 
since  the  witness  has  then  more  inclination  towards  a 
falsehood  than  towards  the  truth,  that  his  testimony 
ought  to  decrease  the  probability  of  the  fact  attested 
every  time  that  this  probability  equals  or  surpasses  £. 
But  if  there  are  three  numbers  in  the  urn  the  probability 
a  priori  of  the  drawing  of  number  I  is  increased  by 
the  affirmation  of  a  witness  whose  veracity  surpasses  \. 
Suppose  now  that  the  urn  contains  999  black  balls 
and  one  white  ball,  and  that  one  ball  having  been 
drawn  a  witness  of  the  drawing  announces  that  this 
ball  is  white.  The  probability  of  the  event  observed, 
determined  a  priori  in  the  first  hypothesis,  will  be  here, 
as  in  the  preceding  question,  equal  to  l0g06.  But  in 
the  hypothesis  where  the  witness  deceives,  the  white 
ball  is  not  drawn  and  the  probability  of  this  case 
is  y9^9^.  It  is  necessary  to  multiply  it  by  the  prob- 
ability TV  of  the  falsehood,  which  gives  y^lo  *°r  ^e 
probability  of  the  event  observed  relative  to  the  second 
hypothesis.  This  probability  was  only  T^T¥  in  the 
preceding  question;  this  great  difference  results  from 
this — that  a  black  ball  having  been  drawn  the  witness 
who  wishes  to  deceive  has  no  choice  at  all  to  make 
among  the  999  balls  not  drawn  in  order  to  announce 
the  drawing  of  a  white  ball.  Now  if  one  forms  two 
fractions  whose  numerators  are  the  probabilities  relative 
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to  each  hypothesis,  and  whose  common  denominator  is 
the  sum  of  these  probabilities,  one  will  have  10V1  f°r 
the  probability  of  the  first  hypothesis  and  of  the  drawing 
of  a  white  ball,  and  TVA  f°r  tne  probability  of  the 
second  hypothesis  and  of  the  drawing  of  a  black  ball. 
This  last  probability  strongly  approaches  certainty;  it 
would  approach  it  much  nearer  and  would  become 
■jVffVWV  if  tne  urn  contained  a  million  balls  of  which 
one  was  white,  the  drawing  of  a  white  ball  becoming 
then  much  more  extraordinary.  We  see  thus  how  the 
probability  of  the  falsehood  increases  in  the  measure 
that  the  deed  becomes  more  extraordinary. 

We  have  supposed  up  to  this  time  that  the  witness 
was  not  mistaken  at  all ;  but  if  one  admits,  however, 
the  chance  of  his  error  the  extraordinary  incident 
becomes  more  improbable.  Then  in  place  of  the  two 
hypotheses  one  will  have  the  four  following  ones, 
namely:  that  of  the  witness  not  deceiving  and  not  being 
mistaken  at  all ;  that  of  the  witness  not  deceiving  at 
all  and  being  mistaken ;  the  hypothesis  of  the  witness 
deceiving  and  not  being  mistaken  at  all;  finally,  that 
of  the  witness  deceiving  and  being  mistaken.  Deter- 
mining a  priori  in  each  of  these  hypotheses  the  prob- 
ability of  the  event  observed,  we  find  by  the  sixth 
principle  the  probability  that  the  fact  attested  is  false 
equal  to  a  fraction  whose  numerator  is  the  number  of 
black  balls  in  the  urn  multiplied  by  the  sum  of  the 
probabilities  that  the  witness  does  not  deceive  at  all 
and  is  mistaken,  or  that  he  deceives  and  is  not  mis- 
taken, and  whose  denominator  is  this  numerator 
augmented  by  the  sum  of  the  probabilities  that  the 
witness  does  not  deceive  at  all  and  is  not  mistaken  at 
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all,  or  that  he  deceives  and  is  mistaken  at  the  same 
time.  We  see  by  this  that  if  the  number  of  black 
balls  in  the  urn  is  very  great,  which  renders  the  draw- 
ing of  the  white  ball  extraordinary,  the  probability  that 
the  fact  attested  is  not  true  approaches  most  nearly  to 
certainty. 

Applying  this  conclusion  to  all  extraordinary  deeds 
it  results  from  it  that  the  probability  of  the  error  or  of 
the  falsehood  of  the  witness  becomes  as  much  greater 
as  the  fact  attested  is  more  extraordinary.  Some 
authors  have  advanced  the  contrary  on  this  basis  that 
the  view  of  an  extraordinary  fact  being  perfectly  similar 
to  that  of  an  ordinary  fact  the  same  motives  ought  to 
lead  us  to  give  the  witness  the  same  credence  when  he 
affirms  the  one  or  the  other  of  these  facts.  Simple 
common  sense  rejects  such  a  strange  assertion ;  but  the 
calculus  of  probabilities,  while  confirming  the  findings 
of  common  sense,  appreciates  the  greatest  improbability 
of  testimonies  in  regard  to  extraordinary  facts. 

These  authors  insist  and  suppose  two  witnesses 
equally  worthy  of  belief,  of  whom  the  first  attests  that 
he  saw  an  individual  dead  fifteen  days  ago  whom  the 
second  witness  affirms  to  have  seen  yesterday  full 
of  life.  The  one  or  the  other  of  these  facts  offers  no 
improbability.  The  reservation  of  the  individual  is  a 
result  of  their  combination;  but  the  testimonies  do  not 
bring  us  at  all  directly  to  this  result,  although  the 
credence  which  is  due  these  testimonies  ought  not  to 
be  decreased  by  the  fact  that  the  result  of  their  com- 
bination is  extraordinary. 

But  if  the  conclusion  which  results  from  the  com- 
bination of  the  testimonies  was  impossible  one  of  them 


CONCERNING    THE  PROBABILITIES  OF  TESTIMONIES.    115 

would  be  necessarily  false;  but  an  impossible  conclu- 
sion is  the  limit  of  extraordinary  conclusions,  as  error 
is  the  limit  of  improbable  conclusions ;  the  value  of  the 
testimonies  which  becomes  zero  in  the  case  of  an 
impossible  conclusion  ought  then  to  be  very  much 
decreased  in  that  of  an  extraordinary  conclusion. 
This  is  indeed  confirmed  by  the  calculus  of  prob- 
abilities. 

In  order  to  make  it  plain  let  us  consider  two  urns,  A 
and  B,  of  which  the  first  contains  a  million  white  balls 
and  the  second  a  million  black  balls.  One  draws  from 
one  of  these  urns  a  ball,  which  he  puts  back  into  the 
other  urn,  from  which  one  then  draws  a  ball.  Two 
witnesses,  the  one  of  the  first  drawing,  the  other  of  the 
second,  attest  that  the  ball  which  they  have  seen  drawn 
is  white  without  indicating  the  urn  from  which  it  has 
been  drawn.  Each  testimony  taken  alone  is  not 
improbable;  and  it  is  easy  to  see  that  the  probability 
of  the  fact  attested  is  the  veracity  itself  of  the  witness. 
But  it  follows  from  the  combination  of  the  testimonies 
that  a  white  ball  has  been  extracted  from  the  urn  A  at 
the  first  draw,  and  that  then  placed  in  the  urn  B  it 
has  reappeared  at  the  second  draw,  which  is  very 
extraordinary;  for  this  second  urn,  containing  then  one 
white  ball  among  a  million  black  balls,  the  probability 
of  drawing  the  white  ball  is  t-otott-  ^n  order  to 
determine  the  diminution  which  results  in  the  prob- 
ability of  the  thing  announced  by  the  two  witnesses 
we  shall  notice  that  the  event  observed  is  here  the 
affirmation  by  each  of  them  that  the  ball  which  he  has 
seen  extracted  is  white.  Let  us  represent  by  ^  the 
probability  that   he   announces  the   truth,   which    can 
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occur  in  the  present  case  when  the  witness  does  not 
deceive  and  is  not  mistaken  at  all,  and  when  he 
deceives  and  is  mistaken  at  the  same  time.  One  may 
form  the  four  following  hypotheses : 

1st.  The  first  and  second  witness  speak  the  truth. 
Then  a  white  ball  has  at  first  been  drawn  from  the  urn 
A,  and  the  probability  of  this  event  is  §,  since  the  ball 
drawn  al  the  first  draw  may  have  been  drawn  either 
from  the  one  or  the  other  urn.  Consequently  the  ball 
drawn,  placed  in  the  urn  B,  has  reappeared  at  the 
second  draw;  the  probability  of  this  event  is  foooooi> 
the  probability  of  the  fact  announced  is  then  2o0^Q02. 
Multiplying  it  by  the  product  of  the  probabilities  y9^ 
and  y9^  that  the  witnesses  speak  the  truth  one  will 
have  tctAWut  f°r  tne  probability  of  the  event  ob- 
served in  this  first  hypothesis. 

2d.  The  first  witness  speaks  the  truth  and  the  second 
does  not,  whether  he  deceives  and  is  not  mistaken  or 
he  does  not  deceive  and  is  mistaken.  Then  a  white 
ball  has  been  drawn  from  the  urn  A  at  the  first  draw, 
and  the  probability  of  this  event  is  £.  Then  this  ball 
having  been  placed  in  the  urn  B  a  black  ball  has  been 
drawn  from  it:  the  probability  of  such  drawing  is 
HUM ;  one  has  then  mIiHI  for  the  probability  of 
the  compound  event.  Multiplying  it  by  the  product 
of  the  two  probabilities  y9-^  and  T\  that  the  first  witness 
speaks  the  truth  and  that  the  second  does  not,  one 
will  have  ^HnHjfihr  f°r  tne  probability  for  the  event 
observed  in  the  second  hypothesis. 

3d.  The  first  witness  does  not  speak  the  truth  and 
the  second  announces  it.  Then  a  black  ball  has  been 
drawn  from  the  urn   B  at  the  first  drawing,  and  after 
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having  been  placed  in  the  urn  A  a  white  ball  has  been 
drawn  from  this  urn.  The  probability  of  the  first  of 
these  events  is  £  and  that  of  the  second  is  iHooo?  >  tne 
probability  of  the  compound  event  is  then  i^^^f  • 
Multiplying  it  by  the  product  of  the  probabilities  -fV 
and  -$5-  that  the  first  witness  does  not  speak  the  truth 
and  that  the  second  announces  it,  one  will  have 
^If&tut^tt  f°r  tne  probability  of  the  event  observed 
relative  to  this  hypothesis. 

4th.  Finally,  neither  of  the  witnesses  speaks  the  truth. 
Then  a  black  ball  has  been  drawn  from  the  urn  B  at 
the  first  draw;  then  having  been  placed  in  the  urn  A 
it  has  reappeared  at  the  second  drawing:  the  prob- 
ability of  this  compound  event  is  20ooto"-  Multiply- 
ing it  by  the  product  of  the  probabilities  -fa  and  ^  that 
each  witness  does  not  speak  the  truth  one  will  have 
200000200  f°r  the  probability  of  the  event  observed  in 
this  hypothesis. 

Now  in  order  to  obtain  the  probability  of  the  thing 
announced  by  the  two  witnesses,  namely,  that  a  white 
ball  has  been  drawn  at  each  draw,  it  is  necessary  to 
divide  the  probability  corresponding  to  the  first  hy- 
pothesis by  the  sum  of  the  probabilities  relative  to 
the  four  hypotheses ;  and  then  one  has  for  this  prob- 
ability T¥oooo8g>  an  extremely  small  fraction. 

If  the  two  witnesses  affirm  the  first,  that  a  white 
ball  has  been  drawn  from  one  of  the  two  urns  A  and 
B;  the  second  that  a  white  ball  has  been  likewise 
drawn  from  one  of  the  two  urns  A'  and  B',  quite 
similar  to  the  first  ones,  the  probability  of  the  thing 
announced  by  the  two  witnesses  will  be  the  product  of 
the  probabilities  of  their  testimonies,  or  y8^;  it  will  then 
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be  at  least  a  hundred  and  eighty  thousand  times 
greater  than  the  preceding  one.  One  sees  by  this  how 
much,  in  the  first  case,  the  reappearance  at  the  second 
draw  of  the  white  ball  drawn  at  the  first  draw,  the 
extraordinary  conclusion  of  the  two  testimonies  de- 
creases the  value  of  it. 

We  would  give  no  credence  to  the  testimony  of  a 
man  who  should  attest  to  us  that  in  throwing  a  hundred 
dice  into  the  air  they  had  all  fallen  on  the  same  face. 
If  we  had  ourselves  been  spectators  of  this  event  we 
should  believe  our  own  eyes  only  after  having  carefully 
examined  all  the  circumstances,  and  after  having 
brought  in  the  testimonies  of  other  eyes  in  order  to  be 
quite  sure  that  there  had  been  neither  hallucination  nor 
deception.  But  after  this  examination  we  should  not 
hesitate  to  admit  it  in  spite  of  its  extreme  improbability; 
and  no  one  would  be  tempted,  in  order  to  explain  it,  to 
recur  to  a  denial  of  the  laws  of  vision.  We  ought  to 
conclude  from  it  that  the  probability  of  the  constancy 
of  the  laws  of  nature  is  for  us  greater  than  this,  that 
the  event  in  question  has  not  taken  place  at  all — a 
probability  greater  than  that  of  the  majority  of  his- 
torical facts  which  we  regard  as  incontestable.  One 
may  judge  by  this  the  immense  weight  of  testimonies 
necessary  to  admit  a  suspension  of  natural  laws,  and 
how  improper  it  would  be  to  apply  to  this  case  the 
ordinary  rules  of  criticism.  All  those  who  without 
offering  this  immensity  of  testimonies  support  this 
when  making  recitals  of  events  contrary  to  those  laws, 
decrease  rather  than  augment  the  belief  which  they 
wish  to  inspire ;  for  then  those  recitals  render  very 
probable  the  error  or  the  falsehood  of  their  authors. 
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But  that  which  diminishes  the  belief  of  educated  men 
increases  often  that  of  the  uneducated,  always  greedy 
for  the  wonderful. 

There  are  things  so  extraordinary  that  nothing  can 
balance  their  improbability.     But  this,  by  the  effect  of 
a  dominant  opinion,  can  be  weakened  to  the  point  of 
appearing  inferior  to  the  probability  of  the  testimonies ; 
and  when  this  opinion  changes  an  absurd  statement 
admitted  unanimously  in  the  century  which  has  given 
it  birth  offers  to  the  following  centuries   only  a  new 
proof  of  the  extreme  influence  of  the  general  opinion 
upon  the  more  enlightened  minds.      Two  great  men  of 
the  century  of  Louis  XIV. — Racine  and  Pascal — are 
striking  examples  of  this.     It  is  painful  to   see  with 
what  complaisance  Racine,   this  admirable  painter  of 
the  human  heart  and  the  most  perfect  poet  that  has 
ever  lived,  reports  as  miraculous  the  recovery  of  Mile. 
Perrier,   a   niece   of  Pascal   and  a   day  pupil   at  the 
monastery  of  Port-Royal;    it  is   painful  to   read  the 
reasons  by  which  Pascal  seeks  to  prove  that  this  miracle 
should  be  necessary  to  religion  in  order  to  justify  the 
doctrine  of  the  monks  of  this  abbey,  at  that  time  perse- 
cuted by  the  Jesuits.     The  young  Perrier  had  been 
afflicted  for  three  years  and  a  half  by  a  lachrymal  fistula; 
she  touched  her  afflicted  eye  with  a  relic  which  was 
pretended  to  be  one  of  the  thorns  of  the  crown  of  the 
Saviour  and  she  had  faith  in  instant  recovery.     Some 
days  afterward  the  physicians  and  the  surgeons  attest 
the   recovery,    and  they  declare  that  nature  and   the 
remedies  have  had  no  part  in  it.     This  event,  which 
took  place  in  1656,  made  a  great  sensation,  and  "all 
Paris    rushed,"  says   Racine,    "to   Port-Royal.     The 
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crowd  increased  from  day  to  day,  and  God  himself 
seemed  to  take  pleasure  in  authorizing  the  devotion  of 
the  people  by  the  number  of  miracles  which  were  per- 
formed in  this  church."  At  this  time  miracles  and 
sorcery  did  not  yet  appear  improbable,  and  one  did  not 
hesitate  at  all  to  attribute  to  them  the  singularities  of 
nature  which  could  not  be  explained  otherwise. 

This  manner  of  viewing  extraordinary  results  is 
found  in  the  most  remarkable  works  of  the  century  of 
Louis  XIV. ;  even  in  the  Essay  on  the  Human  Under- 
standing by  the  philosopher  Locke,  who  says,  in 
speaking  of  the  degree  of  assent:  "  Though  the  com- 
mon experience  and  the  ordinary  course  of  things  have 
justly  a  mighty  influence  on  the  minds  of  men,  to  make 
them  give  or  refuse  credit  to  anything  proposed  to  their 
belief;  yet  there  is  one  case,  wherein  the  strangeness 
of  the  fact  lessens  not  the  assent  to  a  fair  testimony  of  it. 
For  where  such  supernatural  events  are  suitable  to  ends 
aimed  at  by  him  who  has  the  power  to  change  the 
course  of  nature,  there,  under  such  circumstances,  they 
may  be  the  fitter  to  procure  belief,  by  how  much  the  more 
they  are  beyond  or  contrary  to  ordinary  observation." 
The  true  principles  of  the  probability  of  testimonies 
having  been  thus  misunderstood  by  philosophers  to 
whom  reason  is  principally  indebted  for  its  progress,  I 
have  thought  it  necessary  to  present  at  length  the 
results  of  calculus  upon  this  important  subject. 

There  comes  up  naturally  at  this  point  the  discussion 
of  a  famous  argument  of  Pascal,  that  Craig,  an  English 
mathematician,  has  produced  under  a  geometric  form. 
Witnesses  declare  that  they  have  it  from  Divinity  that 
in  conforming  to  a  certain  thing  one  will  enjoy  not  one 
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or  two  but  an  infinity  of  happy  lives.  However  feeble 
the  probability  of  the  proofs  may  be,  provided  that  it 
be  not  infinitely  small,  it  is  clear  that  the  advantage  of 
those  who  conform  to  the  prescribed  thing  is  infinite 
since  it  is  the  product  of  this  probability  and  an  infinite 
good;  one  ought  not  to  hesitate  then  to  procure  for 
oneself  this  advantage. 

This  argument  is  based  upon  the  infinite  number  of 
happy  lives  promised  in  the  name  of  the  Divinity  by 
the  witnesses;  it  is  necessary  then  to  prescribe  them, 
precisely  because  they  exaggerate  their  promises 
beyond  all  limits,  a  consequence  which  is  repugnant  to 
good  sense.  Also  calculus  teaches  us  that  this 
exaggeration  itself  enfeebles  the  probability  of  their 
testimony  to  the  point  of  rendering  it  infinitely  small 
or  zero.  Indeed  this  case  is  similar  to  that  of  a  witness 
who  should  announce  the  drawing  of  the  highest 
number  from  an  urn  filled  with  a  great  number  ol 
numbers,  one  of  which  has  been  drawn  and  who  would 
have  a  great  interest  in  announcing  the  drawing  of  this 
number.  One  has  already  seen  how  much  this  interest 
enfeebles  his  testimony.  In  evaluating  only  at  £  the 
probability  that  if  the  witness  deceives  he  will  choose 
the  largest  number,  calculus  gives  the  probability  of 
his  announcement  as  smaller  than  a  fraction  whose 
numerator  is  unity  and  whose  denominator  is  unity 
plus  the  half  of  the  product  of  the  number  of  the  num- 
bers by  the  probability  of  falsehood  considered  a  priori 
or  independently  of  the  announcement.  In  order  to 
compare  this  case  to  that  of  the  argument  of  Pascal  it 
is  sufficient  to  represent  by  the  numbers  in  the  urn  all 
the  possible  numbers  of  happy  lives  which  the  number 
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of  these  numbers  renders  infinite ;  and  to  observe  that 
if  the  witnesses  deceive  they  have  the  greatest  interest, 
in  order  to  accredit  their  falsehood,  in  promising  an 
eternity  of  happiness.  The  expression  of  the  prob- 
ability of  their  testimony  becomes  then  infinitely  small. 
Multiplying  it  by  the  infinite  number  of  happy  lives 
promised,  infinity  would  disappear  from  the  product 
which  expresses  the  advantage  resultant  from  this 
promise  which  destroys  the  argument  of  Pascal. 

Let  us  consider  now  the  probability  of  the  totality 
of  several  testimonies  upon  an  established  fact.  In 
order  to  fix  our  ideas  let  us  suppose  that  the  fact  be 
the  drawing  of  a  number  from  an  urn  which  contains  a 
hundred  of  them,  and  of  which  one  single  number  has 
been  drawn.  Two  witnesses  of  this  drawing  announce 
that  number  2  has  been  drawn,  and  one  asks  for  the 
resultant  probability  of  the  totality  of  these  testimonies. 
One  may  form  these  two  hypotheses:  the  witnesses 
speak  the  truth;  the  witnesses  deceive.  In  the  first 
hypothesis  the  number  2  is  drawn  and  the  probability 
of  this  event  is  -j-J-g-.  It  is  necessary  to  multiply  it  by 
the  product  of  the  veracities  of  the  witnesses,  veracities 
which  we  will  suppose  to  be  T9¥  and  ■£$:  one  will  have 
then  jTToVff  f°r  the  probability  of  the  event  observed  in 
this  hypothesis.  In  the  second,  the  number  2  is  not 
drawn  and  the  probability  of  this  event  is  -j9^.  But 
the  agreement  of  the  witnesses  requires  then  that  in 
seeking  to  deceive  they  both  choose  the  number  2  from 
the  99  numbers  not  drawn:  the  probability  of  this 
choice  if  the  witnesses  do  not  have  a  secret  agreement 
is  the  product  of  the  fraction  g1^  by  itself;  it  becomes 
necessary    then    to    multiply    these    two    probabilities 


CONCERNING  THE  PROBABILITIES  OF   TESTIMONIES.   123 

together,  and  by  the  product  of  the  probabilities  T\  and 
Y3^  that  the  witnesses  deceive;  one  will  have  thus 
stoVutf  f°r  tne  probability  of  the  event  observed  in  the 
second  hypothesis.  Now  one  will  have  the  probability 
of  the  fact  attested  or  of  the  drawing  of  number  2  in 
dividing  the  probability  relative  to  the  first  hypothesis 
by  the  sum  of  the  probabilities  relative  to  the  two 
hypotheses ;  this  probability  will  be  then  f#-|ir>  and  the 
probability  of  the  failure  to  draw  this  number  and  of 
the  falsehood  of  the  witnesses  will  be  ^Vfr. 

If  the  urn  should  contain  only  the  numbers  1  and  2 
one  would  find  in  the  same  manner  f  £  for  the  prob- 
ability of  the  drawing  of  number  2,  and  consequently 
2V  f°r  the  probability  of  the  falsehood  of  the  witnesses, 
a  probability  at  least  ninety-four  times  larger  than  the 
preceding  one.  One  sees  by  this  how  much  the  prob- 
ability of  the  falsehood  of  the  witnesses  diminishes 
when  the  fact  which  they  attest  is  less  probable  in 
itself.  Indeed  one  conceives  that  then  the  accord  of 
the  witnesses,  when  they  deceive,  becomes  more  diffi- 
cult, at  least  when  they  do  not  have  a  secret  agree- 
ment, which  we  do  not  suppose  here  at  all. 

In  the  preceding  case  where  the  urn  contained  only 
two  numbers  the  a  priori  probability  of  the  fact  attested 
is  £,  the  resultant  probability  of  the  testimonies  is  the 
product  of  the  veracities  of  the  witnesses  divided  by 
this  product  added  to  that  of  the  respective  probabilities 
of  their  falsehood. 

It  now  remains  for  us  to  consider  the  influence  of 
time  upon  the  probability  of  facts  transmitted  by  a 
traditional  chain  of  witnesses.  It  is  clear  that  this 
probability  ought  to  diminish  in  proportion  as  the  chain 
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is  prolonged.  If  the  fact  has  no  probability  itself,  such 
as  the  drawing  of  a  number  from  an  urn  which  contains 
an  infinity  of  them,  that  which  it  acquires  by  the  testi- 
monies decreases  according  to  the  continued  product 
of  the  veracity  of  the  witnesses.  If  the  fact  has  a 
probability  in  itself;  if,  for  example,  this  fact  is  the 
drawing  of  the  number  2  from  an  urn  which  contains 
an  infinity  of  them,  and  of  which  it  is  certain  that  one 
has  drawn  a  single  number ;  that  which  the  traditional 
chain  adds  to  this  probability  decreases,  following  a 
continued  product  of  which  the  first  factor  is  the  ratio 
of  the  number  of  numbers  in  the  urn  less  one  to  the 
same  number,  and  of  which  each  other  factor  is  the 
veracity  of  each  witness  diminished  by  the  ratio  or'  the 
probability  of  his  falsehood  to  the  number  of  the  num- 
bers in  the  urn  less  one ;  so  that  the  limit  of  the  prob- 
ability of  the  fact  is  that  of  this  fact  considered  a  priori, 
or  independently  of  the  testimonies,  a  probability  equal 
to  unity  divided  by  the  number  of  the  numbers  in  the 
urn. 

The  action  of  time  enfeebles  then,  without  ceasing, 
the  probability  of  historical  facts  just  as  it  changes  the 
most  durable  monuments.  One  can  indeed  diminish 
it  by  multiplying  and  conserving  the  testimonies  and 
the  monuments  which  support  them.  Printing  offers 
for  this  purpose  a  great  means,  unfortunately  unknown 
to  the  ancients.  In  spite  of  the  infinite  advantages 
which  it  procures  the  physical  and  moral  revolutions 
by  which  the  surface  of  this  globe  will  always  be 
agitated  will  end,  in  conjunction  with  the  inevitable 
effect  of  time,  by  rendering  doubtful  after  thousands  of 
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years  the  historical  facts  regarded  to-day  as  the  most 
certain. 

Craig  has  tried  to  submit  to  calculus  the  gradual 
enfeebling  of  the  proofs  of  the  Christian  religion ;  sup- 
posing that  the  world  ought  to  end  at  the  epoch  when 
it  will  cease  to  be  probable,  he  finds  that  this  ought  to 
take  place  1454  years  after  the  time  when  he  writes. 
But  his  analysis  is  as  faulty  as  his  hypothesis  upon  the 
duration  of  the  moon  is  bizarre. 


CHAPTER    XII. 

CONCERNING   THE  SELECTIONS  AND    THE 
DECISIONS  OF  ASSEMBLIES. 

The  probability  of  the  decisions  of  an  assembly 
depends  upon  the  plurality  of  votes,  the  intelligence 
and  the  impartiality  of  the  members  who  compose  it. 
So  many  passions  and  particular  interests  so  often  add 
their  influence  that  it  is  impossible  to  submit  this  prob- 
ability to  calculus.  There  are,  however,  some  general 
results  dictated  by  simple  common  sense  and  confirmed 
by  calculus.  If,  for  example,  the  assembly  is  poorly 
informed  about  the  subject  submitted  to  its  decision,  if 
this  subject  requires  delicate  considerations,  or  if  the 
truth  on  this  point  is  contrary  to  established  prejudices, 
so  that  it  would  be  a  bet  of  more  than  one  against  one 
that  each  voter  will  err;  then  the  decision  of  the 
majority  will  be  probably  wrong,  and  the  fear  of  it  will 
be  the  better  based  as  the  assembly  is  more  numerous. 
It  is  important  then,  in  public  affairs,  that  assemblies 
should  have  to  pass  upon  subjects  within  reach  of  the 
greatest  number ;  it  is  important  for  them  that  informa- 
tion be  generally  diffused  and  that  good  works  founded 
upon  reason   and   experience  should   enlighten    those 
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who  are  called  to  decide  the  lot  of  their  fellows  or  to 
govern  them,  and  should  forewarn  them  against  false 
ideas  and  the  prejudices  of  ignorance.  Scholars  have 
had  frequent  occasion  to  remark  that  first  conceptions 
often  deceive  and  that  the  truth  is  not  always  probable. 

It  is  difficult  to  understand  and  to  define  the  desire 
of  an  assembly  in  the  midst  of  a  variety  of  opinions  of 
its  members.  Let  us  attempt  to  give  some  rules  in 
regard  to  this  matter  by  considering  the  two  most 
ordinary  cases :  the  election  among  several  candidates, 
and  that  among  several  propositions  relative  to  the 
same  subject. 

When  an  assembly  has  to  choose  among  several 
candidates  who  present  themselves  for  one  or  for  several 
places  of  the  same  kind,  that  which  appears  simplest 
is  to  have  each  voter  write  upon  a  ticket  the  names  of 
all  the  candidates  according  to  the  order  of  merit  that 
he  attributes  to  them.  Supposing  that  he  classifies 
them  in  good  faith,  the  inspection  of  these  tickets  will 
give  the  results  of  the  elections  in  such  a  manner  that 
the  candidates  may  be  compared  among  themselves; 
so  that  new  elections  can  give  nothing  more  in  this 
regard.  It  is  a  question  now  to  conclude  the  order  of 
preference  which  the  tickets  establish  among  the  candi- 
dates. Let  us  imagine  that  one  gives  to  each  voter  an 
urn  which  contains  an  infinity  of  balls  by  means  of 
which  he  is  able  to  shade  all  the  degrees  of  merit  of 
the  candidates;  let  us  conceive  again  that  he  draws 
from  his  urn  a  number  of  balls  proportional  to  the 
merit  of  each  candidate,  and  let  us  suppose  this  number 
written  upon  a  ticket  at  the  side  of  the  name  of  the 
candidate.     It  is  clear  that  by  making  a  sum  of  all  the 
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numbers  relative  to  each  candidate  upon  each  ticket, 
that  one  of  all  the  candidates  who  shall  have  the 
largest  sum  will  be  the  candidate  whom  the  assembly- 
prefers;  and  that  in  general  the  order  of  preference  of 
the  candidates  will  be  that  of  the  sums  relative  to  each 
of  them.  But  the  tickets  do  not  mark  at  all  the  num- 
ber of  balls  which  each  voter  gives  to  the  candidates ; 
they  indicate  solely  that  the  first  has  more  of  them  than 
the  second,  the  second  more  than  the  third,  and  so  on. 
In  supposing  then  at  first  upon  a  given  ticket  a  certain 
number  of  balls  all  the  combinations  of  the  inferior 
numbers  which  fulfil  the  preceding  conditions  are 
equally  admissible ;  and  one  will  have  the  number  of 
balls  relative  to  each  candidate  by  making  a  sum  of  all 
the  numbers  which  each  combination  gives  him  and 
dividing  it  by  the  entire  number  of  combinations.  A 
very  simple  analysis  shows  that  the  numbers  which 
must  be  written  upon  each  ticket  at  the  side  of  the  last 
name,  of  the  one  before  the  last,  etc.,  are  proportional 
to  the  terms  of  the  arithmetical  progression  I,  2,  3, 
etc.  Writing  then  thus  upon  each  ticket  the  terms  of 
this  progression,  and  adding  the  terms  relative  to  each 
candidate  upon  these  tickets,  the  divers  sums  will  indi- 
cate by  their  magnitude  the  order  of  their  preference 
which  ought  to  be  established  among  the  candidates. 
Such  is  the  mode  of  election  which  The  Theory  of 
Probabilities  indicates.  Without  doubt  it  would  be 
better  if  each  voter  should  write  upon  his  ticket  the 
names  of  the  candidates  in  the  order  of  merit  which  he 
attributes  to  them.  But  particular  interests  and  many 
strange  considerations  of  merit  would  affect  this  order 
and  place  sometimes  in  the    last  rank  the  candidate 
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most  formidable  to  that  one  whom  one  prefers,  which 
gives  too  great  an  advantage  to  the  candidates  of 
mediocre  merit.  Likewise  experience  has  caused  the 
abandonment  of  this  mode  of  election  in  the  societies 
which  had  adopted  it. 

The  election  by  the  absolute  majority  of  the  suffrages 
unites  to  the  certainty  of  not  admitting  any  one  of  the 
candidates  whom  this  majority  rejects,  the  advantage 
of  expressing  most  often  the  desire  of  the  assembly. 
It  always  coincides  with  the  preceding  mode  when 
there  are  only  two  candidates.  Indeed  it  exposes  an 
assembly  to  the  inconvenience  of  rendering  elections 
interminable.  But  experience  has  shown  that  this 
inconvenience  is  nil,  and  that  the  general  desire  to  put 
an  end  to  elections  soon  unites  the  majority  of  the 
suffrages  upon  one  of  the  candidates. 

The  choice  among  several  propositions  relative  to 
the  same  object  ought  to  be  subjected,  seemingly,  to 
the  same  rules  as  the  election  among  several  candi- 
dates. But  there  exists  between  the  two  cases  this 
difference,  namely,  that  the  merit  of  a  candidate  does 
not  exclude  that  of  his  competitors ;  but  if  it  is  neces- 
sary to  choose  among  propositions  which  are  contrary, 
the  truth  of  the  one  excludes  the  truth  of  the  others. 
Let  us  see  how  one  ought  then  to  view  this  question. 

Let  us  give  to  each  voter  an  urn  which  contains  an 
infinite  number  of  balls,  and  let  us  suppose  that  he  dis- 
tributes them  upon  the  divers  propositions  according 
to  the  respective  probabilities  which  he  attributes  to 
them.  It  is  clear  that  the  total  number  of  balls 
expressing  certainty,  and  the  voter  being  by  the 
hypothesis  assured  that  one  of  the  propositions  ought 
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to  be  true,  he  will  distribute  this  number  at  length  upon 
the  propositions.  The  problem  is  reduced  then  to  this, 
namely,  to  determine  the  combinations  in  which  the 
balls  will  be  distributed  in  such  a  manner  that  there 
may  be  more  of  them  upon  the  first  proposition  of  the 
ticket  than  upon  the  second,  more  upon  the  second 
than  upon  the  third,  etc. ;  to  make  the  sums  of  all  the 
numbers  of  balls  relative  to  each  proposition  in  the 
divers  combinations,  and  to  divide  this  sum  by  the 
number  of  combinations;  the  quotients  will  be  the 
numbers  of  balls  that  one  ought  to  attribute  to  the 
propositions  upon  a  certain  ticket.  One  finds  by 
analysis  that  in  going  from  the  last  proposition  these 
quotients  are  among  themselves  as  the  following  quanti- 
ties :  first,  unity  divided  by  the  number  of  propositions ; 
second,  the  preceding  quantity,  augmented  by  unity, 
divided  by  the  number  of  propositions  less  one ;  third, 
this  second  quantity,  augmented  by  unity,  divided  by 
the  number  of  propositions  less  two,  and  so  on  for  the 
others.  One  will  write  then  upon  each  ticket  these 
quantities  at  the  side  of  the  corresponding  propositions, 
and  adding  the  relative  quantities  to  each  proposition 
upon  the  divers  tickets  the  sums  will  indicate  by  their 
magnitude  the  order  of  preference  which  the  assembly 
gives  to  these  propositions. 

Let  us  speak  a  word  about  the  manner  of  renewing 
assemblies  which  should  change  in  totality  in  a  definite 
number  of  years.  Ought  the  renewal  to  be  made  at 
one  time,  or  is  it  advantageous  to  divide  it  among  these 
years  ?  According  to  the  last  method  the  assembly 
would  be  formed  under  the  influence  of  the  divers 
opinions  dominant  during  the  time  of  its  renewal ;  the 


SELECTIONS  AND  DECISIONS  OF  ASSEMBLIES.      131 

opinion  which  obtained  then  would  be  probably  the 
mean  of  all  these  opinions.  The  assembly  would 
receive  thus  at  the  time  the  same  advantage  that  is 
given  to  it  by  the  extension  of  the  elections  of  its 
members  to  all  parts  of  the  territory  which  it  represents. 
Now  if  one  considers  what  experience  has  only  too 
clearly  taught,  namely,  that  elections  are  always 
directed  in  the  greatest  degree  by  dominant  opinions, 
one  will  feel  how  useful  it  is  to  temper  these  opinions, 
the  ones  by  the  others,  by  means  of  a  partial  renewal. 


CHAPTER   XIII. 

CONCERNING  THE  PROBABILITY  OF  THE  JUDG- 
MENTS OF   TRIBUNALS. 

Analysis  confirms  what  simple  common  sense 
teaches  us,  namely,  the  correctness  of  judgments  is  as 
much  more  probable  as  the  judges  are  more  numerous 
and  more  enlightened.  It  is  important  then  that 
tribunals  of  appeal  should  fulfil  these  two  conditions. 
The  tribunals  of  the  first  instance  standing  in  closer 
relation  to  those  amenable  offer  to  the  higher  tribunal 
the  advantage  of  a  first  judgment  already  probable,  and 
with  which  the  latter  often  agree,  be  it  in  compromising 
or  in  desisting  from  their  claims.  But  if  the  uncertainty 
of  the  matter  in  litigation  and  its  importance  determine 
a  litigant  to  have  recourse  to  the  tribunal  of  appeals,  he 
ought  to  find  in  a  greater  probability  of  obtaining  an 
equitable  judgment  greater  security  for  his  fortune  and 
the  compensation  for  the  trouble  and  expense  which  a 
new  procedure  entails.  It  is  this  which  had  no  place 
in  the  institution  of  the  reciprocal  appeal  of  the 
tribunals  of  the  district,  an  institution  thereby  very 
prejudicial  to  the  interest  of  the  citizens.  It  would  be 
perhaps   proper   and   conformable    to   the  calculus    of 
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probabilities  to  demand  a  majority  of  at  least  two  votes 
in  a  tribunal  of  appeal  in  order  to  invalidate  the  sen- 
tence of  the  lower  tribunal.  One  would  obtain  rhis 
result  if  the  tribunal  of  appeal  being  composed  of  an 
even  number  of  judges  the  sentence  should  stand  in 
the  case  of  the  equality  of  votes. 

I  shall  consider  particularly  the  judgments  in  crimi- 
nal matters. 

In  order  to  condemn  an  accused  it  is  necessary 
without  doubt  that  the  judges  should  have  the  strongest 
proofs  of  his  offence.  But  a  moral  proof  is  never  more 
than  a  probability;  and  experience  has  only  too  clearly 
shown  the  errors  of  which  criminal  judgments,  even 
those  which  appear  to  be  the  most  just,  are  still  sus- 
ceptible. The  impossibility  of  amending  these  errors 
is  the  strongest  argument  of  the  philosophers  who  have 
wished  to  proscribe  the  penalty  of  death.  We  should 
then  be  obliged  to  abstain  from  judging  if  it  were 
necessary  for  us  to  await  mathematical  evidence.  But 
the  judgment  is  required  by  the  danger  which  would 
result  from  the  impunity  of  the  crime.  This  judgment 
reduces  itself,  if  I  am  not  mistaken,  to  the  solution  of 
the  following  question :  Has  the  proof  of  the  offence 
of  the  accused  the  high  degree  of  probability  necessary 
so  that  the  citizens  would  have  less  reason  to  doubt 
the  errors  of  the  tribunals,  if  he  is  innocent  and  con- 
demned, than  they  would  have  to  fear  his  new  crimes 
and  those  of  the  unfortunate  ones  who  would  be 
emboldened  by  the  example  of  his  impunity  if  he  were 
guilty  and  acquitted  ?  The  solution  of  this  question 
depends  upon  several  elements  very  difficult  to  ascer- 
tain.    Such  is  the  eminence  of   danger  which  would 
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threaten  society  if  the  criminal  accused  should  remain 
unpunished.  Sometimes  this  danger  is  so  great  that 
the  magistrate  sees  himself  constrained  to  waive  forms 
wisely  established  for  the  protection  of  innocence.  But 
that  which  renders  almost  always  this  question  insolu- 
ble is  the  impossibility  of  appreciating  exactly  the 
probability  of  the  offence  and  of  fixing  that  which  is 
necessary  for  the  condemnation  of  the  accused.  Each 
judge  in  this  respect  is  forced  to  rely  upon  his  own 
judgment.  He  forms  his  opinion  by  comparing  the 
divers  testimonies  and  the  circumstances  by  which  the 
offence  is  accompanied,  to  the  results  of  his  reflections 
and  his  experiences,  and  in  this  respect  a  long  habitude 
of  interrogating  and  judging  accused  persons  gives 
great  advantage  in  ascertaining  the  truth  in  the  midst 
of  indices  often  contradictory. 

The  preceding  question  depends  again  upon  the  care 
taken  in  the  investigation  of  the  offence;  for  one 
demands  naturally  much  stronger  proofs  for  imposing 
the  death  penalty  than  for  inflicting  a  detention  of  some 
months.  It  is  a  reason  for  proportioning  the  care  to 
the  offence,  great  care  taken  with  an  unimportant  case 
inevitably  clearing  many  guilty  ones.  A  law  which 
gives  to  the  judges  power  of  moderating  the  care  in  the 
case  of  attenuating  circumstances  is  then  conformable 
at  the  same  time  to  principles  of  humanity  towards  the 
culprit,  and  to  the  interest  of  society.  The  product  of 
the  probability  of  the  offence  by  its  gravity  being  the 
measure  of  the  danger  to  which  the  acquittal  of  the 
accused  can  expose  society,  one  would  think  that  the 
care  taken  ought  to  depend  upon  this  probability. 
This   is   done   indirectly   in    the    tribunals   where   one 
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retains  for  some  time  the  accused  against  whom  there 
are  very  strong  proofs,  but  insufficient  to  condemn 
him ;  in  the  hope  of  acquiring  new  light  one  does  not 
place  him  immediately  in  the  midst  of  his  fellow  citizens, 
who  would  not  see  him  again  without  great  alarm. 
But  the  arbitrariness  of  this  measure  and  the  abuse 
which  one  can  make  of  it  have  caused  its  rejection  in 
the  countries  where  one  attaches  the  greatest  price  to 
individual  liberty. 

Now  what  is  the  probability  that  the  decision  of  a 
tribunal  which  can  condemn  only  by  a  given  majority 
will  be  just,  that  is  to  say,  conform  to  the  true  solution 
of  the  question  proposed  above  ?  This  important 
problem  well  solved  will  give  the  means  of  compar- 
ing among  themselves  the  different  tribunals.  The 
majority  of  a  single  vote  in  a  numerous  tribunal  indi- 
cates that  the  affair  in  question  is  very  doubtful ;  the 
condemnation  of  the  accused  would  be  then  contrary 
to  the  principles  of  humanity,  protectors  of  innocence. 
The  unanimity  of  the  judges  would  give  very  strong 
probability  of  a  just  decision ;  but  in  abstaining  from  it 
too  many  guilty  ones  would  be  acquitted.  It  is  neces- 
sary, then,  either  to  limit  the  number  of  judges,  if  one 
wishes  that  they  should  be  unanimous,  or  increase  the 
majority  necessary  for  a  condemnation,  when  the  tri- 
bunal becomes  more  numerous.  I  shall  attempt  to 
apply  calculus  to  this  subject,  being  persuaded  that  it 
is  always  the  best  guide  when  one  bases  it  upon  the 
data  which  common  sense  suggests  to  us. 

The  probability  that  the  opinion  of  each  judge  is  just 
enters  as  the  principal  element  into  this  calculation. 
If  in  a  tribunal  of  a  thousand  and   one  judges,   five 
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hundred  and  one  are  of  one  opinion,  and  five  hundred 
are  of  the  contrary  opinion,  it  is  apparent  that  the 
probability  of  the  opinion  of  each  judge  surpasses  very 
little  \;  for  supposing  it  obviously  very  large  a  single 
vote  of  difference  would  be  an  improbable  event.  But 
if  the  judges  are  unanimous,  this  indicates  in  the  proofs 
that  degree  of  strength  which  entails  conviction;  the 
probability  of  the  opinion  of  each  judge  is  then  very 
near  unity  or  certainty,  provided  that  the  passions  or 
the  ordinary  prejudices  do  not  affect  at  the  same  time 
all  the  judges.  Outside  of  these  cases  the  ratio  of  the 
votes  for  or  against  the  accused  ought  alone  to  deter- 
mine this  probability.  I  suppose  thus  that  it  can  vary 
from  \  to  unity,  but  that  it  cannot  be  below  \.  If  that 
were  not  the  case  the  decision  of  the  tribunal  would  be 
as  insignificant  as  chance ;  it  has  value  only  in  so  far 
as  the  opinion  of  the  judge  has  a  greater  tendency  to 
truth  than  to  error.  It  is  thus  by  the  ratio  of  the 
numbers  of  votes  favorable,  and  contrary  to  the  accused, 
that  I  determine  the  probability  of  this  opinion. 

These  data  suffice  to  ascertain  the  general  expression 
of  the  probability  that  the  decision  of  a  tribunal  judging 
by  a  known  majority  is  just.  In  the  tribunals  where 
of  eight  judges  five  votes  would  be  necessary  for  the 
condemnation  of  an  accused,  the  probability  of  the 
error  to  be  feared  in  the  justice  of  the  decision  would 
surpass  \.  If  the  tribunal  should  be  reduced  to  six 
members  who  are  able  to  condemn  only  by  a  plurality 
of  four  votes,  the  probability  of  the  error  to  be  feared 
would  be  below  \.  There  would  be  then  for  the 
accused  an  advantage  in  this  reduction  of  the  tribunal. 
In  both  cases  the  majority  required  is  the  same  and  is 
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equal  to  two.  Thus  the  majority  remaining  constant, 
the  probability  of  error  increases  with  the  number  of 
judges ;  this  is  general  whatever  may  be  the  majority 
required,  provided  that  it  remains  the  same.  Taking, 
then,  for  the  rule  the  arithmetical  ratio,  the  accused 
finds  himself  in  a  position  less  and  less  advantageous 
in  the  measure  that  the  tribunal  becomes  more  numer- 
ous. One  might  believe  that  in  a  tribunal  where  one 
might  demand  a  majority  of  twelve  votes,  whatever 
the  number  of  the  judges  was,  the  votes  of  the  minority, 
neutralizing  an  equal  number  of  votes  of  the  majority, 
the  twelve  remaining  votes  would  represent  the 
unanimity  of  a  jury  of  twelve  members,  required  in 
England  for  the  condemnation  of  an  accused ;  but  one 
would  be  greatly  mistaken.  Common  sense  shows 
that  there  is  a  difference  between  the  decision  of  a 
tribunal  of  two  hundred  and  twelve  judges,  of  which 
one  hundred  and  twelve  condemn  the  accused,  while 
one  hundred  acquit  him,  and  that  of  a  tribunal  of 
twelve  judges  unanimous  for  condemnation.  In  the 
first  case  the  hundred  votes  favorable  to  the  accused 
warrant  in  thinking  that  the  proofs  are  far  from  attain- 
ing the  degree  of  strength  which  entails  conviction ;  in 
the  second  case,  the  unanimity  of  the  judges  leads  to 
the  belief  that  they  have  attained  this  degree.  But 
simple  common  sense  does  not  suffice  at  all  to  appre- 
ciate the  extreme  difference  of  the  probability  of  error 
in  the  two  cases.  It  is  necessary  then  to  recur  to 
calculus,  and  one  finds  nearly  one  fifth  for  the  prob- 
ability of  error  in  the  first  case,  and  only  -g-yVs"  for  this 
probability  in  the  second  case,  a  probability  which  is 
not  one  thousandth  of  the  first.     It  is  a  confirmation 
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of  the  principle  that  the  arithmetical  ratio  is  unfavorable 
to  the  accused  when  the  number  of  judges  increases. 
On  the  contrary,  if  one  takes  for  a  rule  the  geometrical 
ratio,  the  probability  of  the  error  of  the  decision 
diminishes  when  the  number  of  judges  increases.  For 
example,  in  the  tribunals  which  can  condemn  only  by 
a  plurality  of  two  thirds  of  the  votes,  the  probability  of 
the  error  to  be  feared  is  nearly  one  fourth  if  the 
number  of  the  judges  is  six;  it  is  below  \  if  this  number 
is  increased  to  twelve.  Thus  one  ought  to  be  governed 
neither  by  the  arithmetical  ratio  nor  by  the  geometrical 
ratio  if  one  wishes  that  the  probability  of  error  should 
never  be  above  nor  below  a  given  fraction. 

But  what  fraction  ought  to  be  determined  upon  ?  It 
is  here  that  the  arbitrariness  begins  and  the  tribunals 
offer  in  this  regard  the  greatest  variety.  In  the  special 
tribunals  where  five  of  the  eight  votes  suffice  for  the 
condemnation  of  the  accused,  the  probability  of  the 
error  to  be  feared  in  regard  to  justice  of  the  judgment 
is  -//j,  or  more  than  J.  The  magnitude  of  this  fraction 
is  dreadful ;  but  that  which  ought  to  reassure  us  a  little 
is  the  consideration  that  most  frequently  the  judge  who 
acquits  an  accused  does  not  regard  him  as  innocent; 
he  pronounces  solely  that  it  is  not  attained  by  proofs 
sufficient  for  condemnation.  One  is  especially  reassured 
by  the  pity  which  nature  has  placed  in  the  heart  of  man 
and  which  disposes  the  mind  to  see  only  with  reluc- 
tance a  culprit  in  the  accused  submitted  to  his  judg- 
ment. This  sentiment,  more  active  in  those  who  have 
not  the  habitude  of  criminal  judgments,  compensates 
for  the  inconveniences  attached  to  the  inexperience  of 
the  jurors.     In  a  jury  of  twelve  members,  if  the  plurality 
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demanded  for  the  condemnation  is  eight  of  twelve 
votes,  the  probability  of  the  error  to  be  feared  ifM »  or 
a  little  more  than  one  eighth,  it  is  almost  -£$  if  this 
plurality  consists  of  nine  votes.  In  the  case  of  una- 
nimity the  probability  of  the  error  to  be  feared  is  -g^y, 
that  is  to  say,  more  than  a  thousand  times  less  than 
in  our  juries.  This  supposes  that  the  unanimity  results 
only  from  proofs  favorable  or  contrary  to  the  accused ; 
but  motives  that  are  entirely  strange,  ought  oftentimes 
to  concur  in  producing  it,  when  it  is  imposed  upon  the 
jury  as  a  necessary  condition  of  its  judgment.  Then 
its  decisions  depending  upon  the  temperament,  the 
character,  the  habits  of  the  jurors,  and  the  circum- 
stances in  which  they  are  placed,  they  are  sometimes 
contrary  to  the  decisions  which  the  majority  of  the  jury 
would  have  made  if  they  had  listened  only  to  the 
proofs;  this  seems  to  me  to  be  a  great  fault  of  this 
manner  of  judging. 

The  probability  of  the  decision  is  too  feeble  in  our 
juries,  and  I  think  that  in  order  to  give  a  sufficient 
guarantee  to  innocence,  one  ought  to  demand  at  least 
a  plurality  of  nine  votes  in  twelve. 


CHAPTER    XIV. 

CONCERNING  TABLES  OF  MORTALITY,  AND  OF 
MEAN  DURATIONS  OF  LIFE,  OF  MARRIAGES, 
AND  OF  ASSOCIATIONS. 

The  manner  of  preparing  tables  of  mortality  is  very- 
simple.  One  takes  in  the  civil  registers  a  great  num- 
ber of  individuals  whose  birth  and  death  are  indicated. 
One  determines  how  many  of  these  individuals  have 
died  in  the  first  year  of  their  age,  how  many  in  the 
second  year,  and  so  on.  It  is  concluded  from  these 
the  number  of  individuals  living  at  the  commencement 
of  each  year,  and  this  number  is  written  in  the  table  at 
the  side  of  that  which  indicates  the  year.  Thus  one 
writes  at  the  side  of  zero  the  number  of  births ;  at  the 
side  of  the  year  I  the  number  of  infants  who  have 
attained  one  year;  at  the  side  of  the  year  2  the  number 
of  infants  who  have  attained  two  years,  and  so  on  for 
the  rest.  But  since  in  the  first  two  years  of  life  the 
mortality  is  very  great,  it  is  necessary  for  the  sake  of 
greater  exactitude  to  indicate  in  this  first  age  the 
number  of  survivors  at  the  end  of  each  half  year. 

If  we  divide  the  sum   of  the  years  of  the  life  of  all 
the  individuals  inscribed  in  a  table  of  mortality  by  the 
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number  of  these  individuals  we  shall  have  the  mean 
duration  of  life  which  corresponds  to  this  table.  For 
this,  we  will  multiply  by  a  half  year  the  number  of 
deaths  in  the  first  year,  a  number  equal  to  the  differ- 
ence of  the  numbers  of  individuals  inscribed  at  the  side 
of  the  years  o  and  1 .  Their  mortality  being  distributed 
over  the  entire  year  the  mean  duration  of  their  life  is 
only  a  half  year.  We  will  multiply  by  a  year  and  a 
half  the  number  of  deaths  in  the  second  year ;  by  two 
years  and  a  half  the  number  of  deaths  in  the  third  year ; 
and  so  on.  The  sum  of  these  products  divided  by  the 
number  of  births  will  be  the  mean  duration  of  life.  It 
is  easy  to  conclude  from  this  that  we  will  obtain  this 
duration,  by  making  the  sum  of  the  numbers  inscribed 
in  the  table  at  the  side  of  each  year,  dividing  it  by  the 
number  of  births  and  subtracting  one  half  from  the 
quotient,  the  year  being  taken  as  unity.  The  mean 
duration  of  life  that  remains,  starting  from  any  age,  is 
determined  in  the  same  manner,  working  upon  the 
number  of  individuals  who  have  arrived  at  this  age,  as 
has  just  been  done  with  the  number  of  births.  But  it 
is  not  at  the  moment  of  birth  that  the  mean  duration 
of  life  is  the  greatest;  it  is  when  one  has  escaped  the 
dangers  of  infancy  and  it  is  then  about  forty-three 
years.  The  probability  of  arriving  at  a  certain  age, 
starting  from  a  given  age  is  equal  to  the  ratio  of  the 
two  numbers  of  individuals  indicated  in  the  table  at 
these  two  ages. 

The  precision  of  these  results  demands  that  for  the 
formation  of  tables  we  should  employ  a  very  great 
number  of  births.  Analysis  gives  then  very  simple 
formulae  for  appreciating  the  probability  that  the  num- 
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bers  indicated  in  these  tables  will  vary  from  the  truth 
only  within  narrow  limits.  We  see  by  these  formulae 
that  the  interval  of  the  limits  diminishes  and  that  the 
probability  increases  in  proportion  as  we  take  into  con- 
sideration more  births ;  so  that  the  tables  would  repre- 
sent exactly  the  true  law  of  mortality  if  the  number  of 
births  employed  were  infinite. 

A  table  of  mortality  is  then  a  table  of  the  probability 
of  human  life.  The  ratio  of  the  individuals  inscribed 
at  the  side  of  each  year  to  the  number  of  births  is  the 
probability  that  a  new  birth  will  attain  this  year.  As 
we  estimate  the  value  of  hope  by  making  a  sum  of  the 
products  of  each  benefit  hoped  for,  by  the  probability 
of  obtaining  it,  so  we  can  equally  evaluate  the  mean 
duration  of  life  by  adding  the  products  of  each  year 
by  half  the  sum  of  the  probabilities  of  attaining  the 
commencement  and  the  end  of  it,  which  leads  to  the 
result  found  above.  But  this  manner  of  viewing  the 
mean  duration  of  life  has  the  advantage  of  showing 
that  in  a  stationary  population,  that  is  to  say,  such  that 
the  number  of  births  equals  that  of  deaths,  the  mean 
duration  of  life  is  the  ratio  itself  of  the  population  to 
the  annual  births;  for  the  population  being  supposed 
stationary,  the  number  of  individuals  of  an  age  com- 
prised between  two  consecutive  years  of  the  table  is 
equal  to  the  number  of  annual  births,  multiplied  by 
half  the  sum  of  the  probabilities  of  attaining  these 
years;  the  sum  of  all  these  products  will  be  then  the 
entire  population.  Now  it  is  easy  to  see  that  this  sum, 
divided  by  the  number  of  annual  births,  coincides  with 
the  mean  duration  of  life  as  we  have  just  defined  it. 

It  is  easy  by  means  of  a  table  of  mortality  to  form 
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the  corresponding  table  of  the  population  supposed  to 
be  stationary.  For  this  we  take  the  arithmetical  means 
of  the  numbers  of  the  table  of  mortality  corresponding 
to  the  ages  zero  and  one  year,  one  and  two  years,  two 
and  three  years,  etc.  The  sum  of  all  these  means  is 
the  entire  population;  it  is  written  at  the  side  of  the 
age  zero.  There  is  subtracted  from  this  sum  the  first 
mean  and  the  remainder  is  the  number  of  individuals 
of  one  year  and  upwards ;  it  is  written  at  the  side  of 
the  year  1.  There  is  subtracted  from  this  first  re- 
mainder the  second  mean;  this  second  remainder  is 
the  number  of  individuals  of  two  years  and  upwards ; 
it  is  written  at  the  side  of  the  year  2,  and  so  on. 

So  many  variable  causes  influence  mortality  that  the 
tables  which  represent  it  ought  to  be  changed  accord- 
ing to  place  and  time.  The  divers  states  of  life  offer 
in  this  regard  appreciable  differences  relative  to  the 
fatigues  and  the  dangers  inseparable  from  each  state 
and  of  which  it  is  indispensable  to  keep  account  in  the 
calculations  founded  upon  the  duration  of  life.  But 
these  differences  have  not  been  sufficiently  observed. 
Some  day  they  will  be  and  then  will  be  known  what 
sacrifice  of  life  each  profession  demands  and  one  will 
profit  by  this  knowledge  to  diminish  the  dangers. 

The  greater  or  less  salubrity  of  the  soil,  its  elevation, 
its  temperature,  the  customs  of  the  inhabitants,  and  the 
operations  of  governments  have  a  considerable  influence 
upon  mortality.  But  it  is  always  necessary  to  precede 
the  investigation  of  the  cause  of  the  differences  observed 
by  that  of  the  probability  with  which  this  cause  is  indi- 
cated. Thus  the  ratio  of  the  population  to  annual 
births,  which  one  has  seen  raised  in  France  to  twenty- 
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eight  and  one  third,  is  not  equal  to  twenty-five  in  the 
ancient  duchy  of  Milan.  These  ratios,  both  established 
upon  a  great  number  of  births,  do  not  permit  of  calling 
into  question  the  existence  among  the  Milanese  of  a 
special  cause  of  mortality,  which  it  is  of  moment  for 
the  government  of  our  country  to  investigate  and 
remove. 

The  ratio  of  the  population  to  the  births  would 
increase  again  if  we  could  diminish  and  remove  certain 
dangerous  and  widely  spread  maladies.  This  has 
happily  been  done  for  the  smallpox,  at  first  by  the 
inoculation  of  this  disease,  then  in  a  manner  much 
more  advantageous,  by  the  inoculation  of  vaccine,  the 
inestimable  discovery  of  Jenner,  who  has  thereby 
become  one  of  the  greatest  benefactors  of  humanity. 

The  smallpox  has  this  in  particular,  namely,  that 
the  same  individual  is  not  twice  affected  by  it,  or  at 
least  such  cases  are  so  rare  that  they  may  be  abstracted 
from  the  calculation.  This  malady,  from  which  few 
escaped  before  the  discovery  of  vaccine,  is  often  fatal 
and  causes  the  death  of  one  seventh  of  those  whom  it 
attacks.  Sometimes  it  is  mild,  and  experience  has 
taught  that  it  can  be  given  this  latter  character  by 
inoculating  it  upon  healthy  persons,  prepared  for  it 
by  a  proper  diet  and  in  a  favorable  season.  Then  the 
ratio  of  the  individuals  who  die  to  the  inoculated 
ones  is  not  one  three  hundredth.  This  great  advan- 
tage of  inoculation,  joined  to  those  of  not  altering  the 
appearance  and  of  preserving  from  the  grievous  conse- 
quences which  the  natural  smallpox  often  brings, 
caused  it  to  be  adopted  by  a  great  number  of  persons. 
The  practice  was  strongly  recommended,  but  it  was 
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strongly  combated,  as  is  nearly  always  the  case  in 
things  subject  to  inconvenience.  In  the  midst  of  this 
dispute  Daniel  Bernoulli  proposed  to  submit  to  the 
calculus  of  probabilities  the  influence  of  inoculation 
upon  the  mean  duration  of  life.  Since  precise  data  of 
the  mortality  produced  by  the  smallpox  at  the  various 
ages  of  life  were  lacking,  he  supposed  that  the  danger 
of  having  this  malady  and  that  of  dying  of  it  are  the 
same  at  every  age.  By  means  of  these  suppositions  he 
succeeded  by  a  delicate  analysis  in  converting  an 
ordinary  table  of  mortality  into  that  which  would  be 
used  if  smallpox  did  not  exist,  or  if  it  caused  the 
death  of  only  a  very  small  number  of  those  affected,  and 
he  concludes  from  it  that  inoculation  would  augment 
by  three  years  at  least  the  mean  duration  of  life,  which 
appeared  to  him  beyond  doubt  the  advantage  of  this 
operation.  D'Alembert  attacked  the  analysis  of  Ber- 
noulli: at  first  in  regard  to  the  uncertainty  of  his 
two  hypotheses,  then  in  regard  to  its  insufficiency  in 
this,  that  no  comparison  was  made  of  the  immediate 
danger,  although  very  small,  of  dying  of  inoculation,  to 
the  very  great  but  very  remote  danger  of  succumbing 
to  natural  smallpox.  This  consideration,  which  dis- 
appears when  one  considers  a  great  number  of  indi- 
viduals, is  for  this  reason  immaterial  for  governments 
and  the  advantages  of  inoculation  for  them  still  remain ; 
but  it  is  of  great  weight  for  the  father  of  a  family  who 
must  fear,  in  having  his  children  inoculated,  to  see  that 
one  perish  whom  he  holds  most  dear  and  to  be  the 
cause  of  it.  Many  parents  were  restrained  by  this  fear, 
which  the  discovery  of  vaccine  has  happily  dissipated. 
By  one  of  those  mysteries  which  nature  offers  to  us  so 
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frequently,  vaccine  is  a  preventive  of  smallpox  just  as 
certain  as  variolar  virus,  and  there  is  no  danger  at  all ; 
it  does  not  expose  to  any  malady  and  demands  only 
very  little  care.  Therefore  the  practice  of  it  has  spread 
quickly;  and  to  render  it  universal  it  remains  only  to 
overcome  the  natural  inertia  of  the  people,  against 
which  it  is  necessary  to  strive  continually,  even  when 
it  is  a  question  of  their  dearest  interests. 

The  simplest  means  of  calculating  the  advantage 
which  the  extinction  of  a  malady  would  produce  con- 
sists in  determining  by  observation  the  number  of  indi- 
viduals of  a  given  age  who  die  of  it  each  year  and 
subtracting  this  number  from  the  number  of  deaths  at 
the  same  age.  The  ratio  of  the  difference  to  the  total 
number  of  individuals  of  the  given  age  would  be  the 
probability  of  dying  in  the  year  at  this  age  if  the 
malady  did  not  exist.  Making,  then,  a  sum  of  these 
probabilities  from  birth  up  to  any  given  age,  and  sub- 
tracting this  sum  from  unity,  the  remainder  will  be  the 
probability  of  living  to  that  age  corresponding  to  the 
extinction  of  the  malady.  The  series  of  these  prob- 
abilities will  be  the  table  of  mortality  relative  to  this 
hypothesis,  and  we  may  conclude  from  it,  by  what 
precedes,  the  mean  duration  of  life.  It  is  thus  that 
Duvilard  has  found  that  the  increase  of  the  mean  dura- 
tion of  life,  due  to  inoculation  with  vaccine,  is  three 
years  at  the  least.  An  increase  so  considerable  would 
produce  a  very  great  increase  in  the  population  if  the 
latter,  for  other  reasons,  were  not  restrained  by  the 
relative  diminution  of  subsistences. 

It  is  principally  by  the  lack  of  subsistences  that  the 
progressive  march  of  the  population  is  arrested.      In 


CONCERNING    TABLES  OF  MORTALITY,  ETC.        147 

all  kinds  of  animals  and  vegetables,  nature  tends  with- 
out ceasing-  to  augment  the  number  of  individuals  until 
they  are  on  a  level  of  the  means  of  subsistence.  In 
the  human  race  moral  causes  have  a  great  influence 
upon  the  population.  If  easy  clearings  of  the  forest 
can  furnish  an  abundant  nourishment  for  new  genera- 
tions, the  certainty  of  being  able  to  support  a  numerous 
family  encourages  marriages  and  renders  them  more 
productive.  Upon  the  same  soil  the  population  and 
the  births  ought  to  increase  at  the  same  time  simul- 
taneously in  geometric  progression.  But  when  clear- 
ings become  more  difficult  and  more  rare  then  the 
increase  of  population  diminishes;  it  approaches  con- 
tinually the  variable  state  of  subsistences,  making 
oscillations  about  it  just  as  a  pendulum  whose  periodicity 
is  retarded  by  changing  the  point  of  suspension,  oscil- 
lates about  this  point  by  virtue  of  its  own  weight.  It 
is  difficult  to  evaluate  the  maximum  increase  of  the 
population ;  it  appears  after  observations  that  in  favor- 
able circumstances  the  population  of  the  human  race 
would  be  doubled  every  fifteen  years.  We  estimate 
that  in  North  America  the  period  of  this  doubling  is 
twenty-two  years.  In  this  state  of  things,  the  popula- 
tion, births,  marriages,  mortality,  all  increase  accord- 
ing to  the  same  geometric  progression  of  which  we  have 
the  constant  ratio  of  consecutive  terms  by  the  observa- 
tion of  annual  births  at  two  epochs. 

By  means  of  a  table  of  mortality  representing  the 
probabilities  of  human  life,  we  may  determine  the 
duration  of  marriages.  Supposing  in  order  to  simplify 
the  matter  that  the  mortality  is  the  same  for  the  two 
sexes,  we  shall  obtain  the  probability  that  the  marriage 
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will  subsist  one  year,  or  two,  or  three,  etc.,  by  forming 
a  series  of  fractions  whose  common  denominator  is  the 
product  of  the  two  numbers  of  the  table  corresponding 
to  the  ages  of  the  consorts,  and  whose  numerators  are 
the  successive  products  of  the  numbers  corresponding 
to  these  ages  augmented  by  one,  by  two,  by  three, 
etc.,  years.  The  sum  of  these  fractions  augmented  by 
one  half  will  be  the  mean  duration  of  marriage,  the 
year  being  taken  as  unity.  It  is  easy  to  extend  the 
same  rule  to  the  mean  duration  of  an  association  formed 
of  three  or  of  a  greater  number  of  individuals. 


CHAPTER   XV. 

CONCERNING  THE  BENEFITS  OF  INSTITUTIONS 
WHICH  DEPEND  UPON  THE  PROBABILITY  OF 
EVENTS. 

LET  us  recall  here  what  has  been  said  in  speaking 
of  hope.  It  has  been  seen  that  in  order  to  obtain  the 
advantage  which  results  from  several  simple  events,  of 
which  the  ones  produce  a  benefit  and  the  others  a  loss, 
it  is  necessary  to  add  the  products  of  the  probability  of 
each  favorable  event  by  the  benefit  which  it  procures, 
and  subtract  from  their  sum  that  of  the  products  of  the 
probability  of  each  unfavorable  event  by  the  loss  which 
is  attached  to  it.  But  whatever  may  be  the  advantage 
expressed  by  the  difference  of  these  sums,  a  single 
event  composed  of  these  simple  events  does  not 
guarantee  against  the  fear  of  experiencing  a  loss. 
One  imagines  that  this  fear  ought  to  decrease  when 
one  multiplies  the  compound  event.  The  analysis  of 
probabilities  leads  to  this  general  theorem. 

By  the  repetition  of  an  advantageous  event,  simple 
or  compound,  the  real  benefit  becomes  more  and  more 
probable  and  increases  without  ceasing;  it  becomes 
certain  in  the  hypothesis  of  an  infinite  number  of  repe- 
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titions;  and  dividing  it  by  this  number  the  quotient  or 
the  mean  benefit  of  each  event  is  the  mathematical 
hope  itself  or  the  advantage  relative  to  the  event.  It 
is  the  same  with  a  loss  which  becomes  certain  in  the 
long  run,  however  small  the  disadvantage  of  the  event 
may  be. 

This  theorem  upon  benefits  and  losses  is  analogous 
to  those  which  we  have  already  given  upon  the  ratios 
which  are  indicated  by  the  indefinite  repetition  of 
events  simple  or  compound;  and,  like  them,  it  proves 
that  regularity  ends  by  establishing  itself  even  in  the 
things  which  are  most  subordinated  to  that  which  we 
name  hazard. 

When  the  events  are  in  great  number,  analysis  gives 
another  very  simple  expression  of  the  probability  that 
the  benefit  will  be  comprised  within  determined  limits. 
This  is  the  expression  which  enters  again  into  the 
general  law  of  probability  given  above  in  speaking 
of  the  probabilities  which  result  from  the  indefinite 
multiplication  of  events. 

The  stability  of  institutions  which  are  based  upon 
probabilities  depends  upon  the  truth  of  the  preceding 
theorem.  But  in  order  that  it  may  be  applied  to  them 
it  is  necessary  that  those  institutions  should  multiply 
these  advantageous  events  for  the  sake  of  numerous 
things. 

There  have  been  based  upon  the  probabilities  of 
human  life  divers  institutions,  such  as  life  annuities  and 
tontines.  The  most  general  and  the  most  simple 
method  of  calculating  the  benefits  and  the  expenses  of 
these  institutions  consists  in  reducing  these  to  actual 
amounts.     The  annual  interest  of  unity  is  that  which 
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is  called  the  rate  of  interest.  At  the  end  of  each  year 
an  amount  acquires  for  a  factor  unity  plus  the  rate  of 
interest;  it  increases  then  according  to  a  geometrical 
progression  of  which  this  factor  is  the  ratio.  Thus  in 
the  course  of  time  it  becomes  immense.  If,  for  exam- 
ple, the  rate  of  interest  is  -fa  or  five  per  cent,  the  capital 
doubles  very  nearly  in  fourteen  years,  quadruples  in 
twenty-nine  years,  and  in  less  than  three  centuries  it 
becomes  two  million  times  larger. 

An  increase  so  prodigious  has  given  birth  to  the  idea 
of  making  use  of  it  in  order  to  pay  off  the  public  debt. 
One  forms  for  this  purpose  a  sinking  fund  to  which  is 
devoted  an  annual  fund  employed  for  the  redemption 
of  public  bills  and  without  ceasing  increased  by  the 
interest  of  the  bills  redeemed.  It  is  clear  that  in  the 
long  run  this  fund  will  absorb  a  great  part  of  the 
national  debt.  If,  when  the  needs  of  the  State  make 
a  loan  necessary,  a  part  of  this  loan  is  devoted  to  the 
increasing  of  the  annual  sinking  fund,  the  variation  of 
public  bills  will  be  less;  the  confidence  of  the  lenders 
and  the  probability  of  retiring  without  loss  of  capital 
loaned  when  one  desires  will  be  augmented  and  will 
render  the  conditions  of  the  loan  less  onerous.  Favor- 
able experiences  have  fully  confirmed  these  advantages. 
But  the  fidelity  in  engagements  and  the  stability,  so 
necessary  to  the  success  of  such  institutions,  can  be 
guaranteed  only  by  a  government  in  which  the  legisla- 
tive power  is  divided  among  several  independent 
powers.  The  confidence  which  the  necessary  coopera- 
tion of  these  powers  inspires,  doubles  the  strength  of 
the  State,  and  the  sovereign  himself  gains  then  in  legal 
power  more  than  he  loses  in  arbitrary  power. 
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It  results  from  that  which  precedes  that  the  actual 
capital  equivalent  to  a  sum  which  is  to  be  paid  only 
after  a  certain  number  of  years  is  equal  to  this  sum 
multiplied  by  the  probability  that  it  will  be  paid  at  that 
time  and  divided  by  unity  augmented  by  the  rate  of 
interest  and  raised  to  a  power  expressed  by  the  number 
of  these  years. 

It  is  easy  to  apply  this  principle  to  life  annuities  upon 
one  or  several  persons,  and  to  savings  banks,  and  to 
assurance  societies  of  any  nature.  Suppose  that  one 
proposes  to  form  a  table  of  life  annuities  according  to 
a  given  table  of  mortality.  A  life  annuity  payable  at 
the  end  of  five  years,  for  example,  and  reduced  to  an 
actual  amount  is,  by  this  principle,  equal  to  the  product 
of  the  two  following  quantities,  namely,  the  annuity 
divided  by  the  fifth  power  of  unity  augmented  by  the 
rate  of  interest  and  the  probability  of  paying  it.  This 
probability  is  the  inverse  ratio  of  the  number  of  indi- 
viduals inscribed  in  the  table  opposite  to  the  age  of  that 
one  who  settles  the  annuity  to  the  number  inscribed 
opposite  to  this  age  augmented  by  five  years.  Form- 
ing, then,  a  series  of  fractions  whose  denominators  are 
the  products  of  the  number  of  persons  indicated  in  the 
table  of  mortality  as  living  at  the  age  of  that  one  who 
settles  the  annuity,  by  the  successive  powers  of  unity 
augmented  by  the  rate  of  interest,  and  whose  numera- 
tors are  the  products  of  the  annuity  by  the  number  of 
persons  living  at  the  same  age  augmented  successively 
by  one  year,  by  two  years,  etc.,  the  sum  of  these 
fractions  will  be  the  amount  required  for  the  life  annuity 
at  that  age. 

Let  us  suppose  that  a  person  wishes  by  means  of  a 
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life  annuity  to  assure  to  his  heirs  an  amount  payable 
at  the  end  of  the  year  of  his  death.  In  order  to  deter- 
mine the  value  of  this  annuity,  one  may  imagine  that 
the  person  borrows  in  life  at  a  bank  this  capital  and 
that  he  places  it  at  perpetual  interest  in  the  same  bank. 
It  is  clear  that  this  same  capital  will  be  due  by  the 
bank  to  his  heirs  at  the  end  of  the  year  of  his  death ; 
but  he  will  have  paid  each  year  only  the  excess  of  the 
life  interest  over  the  perpetual  interest.  The  table  of 
life  annuities  will  then  show  that  which  the  person 
ought  to  pay  annually  to  the  bank  in  order  to  assure 
this  capital  after  his  death. 

Maritime  assurance,  that  against  fire  and  storms,  and 
generally  all  the  institutions  of  this  kind,  are  computed 
on  the  same  principles.  A  merchant  having  vessels 
at  sea  wishes  to  assure  their  value  and  that  of  their 
cargoes  against  the  dangers  that  they  may  run ;  in  order 
to  do  this,  he  gives  a  sum  to  a  company  which  becomes 
responsible  to  him  for  the  estimated  value  of  his 
cargoes  and  his  vessels.  The  ratio  of  this  value  to  the 
sum  which  ought  to  be  given  for  the  price  of  the  assur- 
ance depends  upon  the  dangers  to  which  the  vessels 
are  exposed  and  can  be  appreciated  only  by  numerous 
observations  upon  the  fate  of  vessels  which  have  sailed 
from  port  for  the  same  destination. 

If  the  persons  assured  should  give  to  the  assurance 
company  only  the  sum  indicated  by  the  calculus  of 
probabilities,  this  company  would  not  be  able  to  pro- 
vide for  the  expenses  of  its  institution ;  it  is  necessary 
then  that  they  should  pay  a  sum  much  greater  than  the 
cost  of  such  insurance.  What  then  is  their  advantage  ? 
It  is  here  that  the  consideration  of  the  moral  disadvan- 
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tage  attached  to  an  uncertainty  becomes  necessary. 
One  conceives  that  the  fairest  game  becomes,  as  has 
already  been  seen,  disadvantageous,  because  the  player 
exchanges  a  certain  stake  for  an  uncertain  benefit; 
assurance  by  which  one  exchanges  the  uncertain  for 
the  certain  ought  to  be  advantageous.  It  is  indeed 
this  which  results  from  the  rule  which  we  have  given 
above  for  determining  moral  hope  and  by  which  one 
sees  moreover  how  far  the  sacrifice  may  extend  which 
ought  to  be  made  to  the  assurance  company  by 
reserving  always  a  moral  advantage.  This  company 
can  then  in  procuring  this  advantage  itself  make  a 
great  benefit,  if  the  number  of  the  assured  persons  is 
very  large,  a  condition  necessary  to  its  continued 
existence.  Then  its  benefits  become  certain  and  the 
mathematical  and  moral  hopes  coincide;  for  analysis 
leads  to  this  general  theorem,  namely,  that  if  the 
expectations  are  very  numerous  the  two  hopes  approach 
each  other  without  ceasing  and  end  by  coinciding  in 
the  case  of  an  infinite  number. 

We  have  said  in  speaking  of  mathematical  and  moral 
hopes  that  there  is  a  moral  advantage  in  distributing 
the  risks  of  a  benefit  which  one  expects  over  several  of 
its  parts.  Thus  in  order  to  send  a  sum  of  money  to  a 
distant  part  it  is  much  better  to  send  it  on  several 
vessels  than  to  expose  it  on  one.  This  one  does  by 
means  of  mutual  assurances.  If  two  persons,  each 
having  the  same  sum  upon  two  different  vessels  which 
have  sailed  from  the  same  port  to  the  same  destination, 
agree  to  divide  equally  all  the  money  which  may 
arrive,  it  is  clear  that  by  this  agreement  each  of  them 
divides  equally  between  the  two  vessels  the  sum  which 
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he  expects.  Indeed  this  kind  of  assurance  always 
leaves  uncertainty  as  to  the  loss  which  one  may  fear. 
But  this  uncertainty  diminishes  in  proportion  as  the 
number  of  policy-holders  increases ;  the  moral  advan- 
tage increases  more  and  more  and  ends  by  coinciding 
with  the  mathematical  advantage,  its  natural  limit. 
This  renders  the  association  of  mutual  assurances  when 
it  is  very  numerous  more  advantageous  to  the  assured 
ones  than  the  companies  of  assurance  which,  in  pro- 
portion to  the  benefit  that  they  give,  give  a  moral 
advantage  always  inferior  to  the  mathematical  advan- 
tage. But  the  surveillance  of  their  administration  can 
balance  the  advantage  of  the  mutual  assurances.  All 
these  results  are,  as  has  already  been  seen,  independent 
of  the  law  which  expresses  the  moral  advantage. 

One  may  look  upon  a  free  people  as  a  great  asso- 
ciation whose  members  secure  mutually  their  proper- 
ties by  supporting  proportionally  the  charges  of  this 
guaranty.  The  confederation  of  several  peoples  would 
give  to  them  advantages  analogous  to  those  which  each 
individual  enjoys  in  the  society.  A  congress  of  their 
representatives  would  discuss  objects  of  a  utility  com- 
mon to  all  and  without  doubt  the  system  of  weights, 
measures,  and  moneys  proposed  by  the  French  sci- 
entists would  be  adopted  in  this  congress  as  one  of 
the  things  most  useful  to  commerical  relations. 

Among  the  institutions  founded  upon  the  probabilities 
of  human  life  the  better  ones  are  those  in  which,  by 
means  of  a  light  sacrifice  of  his  revenue,  one  assures 
his  existence  and  that  of  his  family  for  a  time  when 
one  ought  to  fear  to  be  unable  to  satisfy  their  needs. 
As  far  as  games  are  immoral,  so  far  these  institutions 
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are  advantageous  to  customs  by  favoring  the  strongest 
bents  of  our  nature.  The  government  ought  then  to 
encourage  them  and  respect  them  in  the  vicissitudes  of 
public  fortune ;  since  the  hopes  which  they  present  look 
toward  a  distant  future,  they  are  able  to  prosper  only 
when  sheltered  from  all  inquietude  during  their  exist- 
ence. It  is  an  advantage  that  the  institution  of  a 
representative  government  assures  them. 

Let  us  say  a  word  about  loans.  It  is  clear  that  in 
order  to  borrow  perpetually  it  is  necessary  to  pay  each 
year  the  product  of  the  capital  by  the  rate  of  interest. 
But  one  may  wish  to  discharge  this  principal  in  equal 
payments  made  during  a  definite  number  of  years, 
payments  which  are  called  annuities  and  whose  value 
is  obtained  in  this  manner.  Each  annuity  in  order  to 
be  reduced  at  the  actual  moment  ought  to  be  divided 
by  a  power  of  unity  augmented  by  the  rate  of  interest 
equal  to  the  number  of  years  after  which  this  annuity 
ought  to  be  paid.  Forming  then  a  geometric  progres- 
sion whose  first  term  is  the  annuity  divided  by  unity 
augmented  by  the  rate  of  interest,  and  whose  last  term 
is  this  annuity  divided  by  the  same  quantity  raised  to 
a  power  equal  to  the  number  of  years  during  which  the 
payment  should  have  been  made,  the  sum  of  this  pro- 
gression will  be  equivalent  to  the  capital  borrowed, 
which  will  determine  the  value  of  the  annuity.  A 
sinking  fund  is  at  bottom  only  a  means  of  converting 
into  annuities  a  perpetual  rent  with  the  sole  difference 
that  in  the  case  of  a  loan  by  annuities  the  interest  is 
supposed  constant,  while  the  interest  of  funds  acquired 
by  the  sinking  fund  is  variable.  If  it  were  the  same  in 
both   cases,   the   annuity  corresponding   to   the    funds 
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acquired  would  be  formed  by  these  funds  and  from 
this  annuity  the  State  contributes  annually  to  the  sink- 
ing fund. 

If  one  wishes  to  make  a  life  loan  it  will  be  observed 
that  the  tables  of  life  annuities  give  the  capital  required 
to  constitute  a  life  annuity  at  any  age,  a  simple  pro- 
portion will  give  the  rent  which  one  ought  to  pay  to 
the  individual  from  whom  the  capital  is  borrowed. 
From  these  principles  all  the  possible  kinds  of  loans 
may  be  calculated. 

The  principles  which  we  have  just  expounded  con- 
cerning the  benefits  and  the  losses  of  institutions  may 
serve  to  determine  the  mean  result  of  any  number  of 
observations  already  made,  when  one  wishes  to  regard 
the  deviations  of  the  results  corresponding  to  divers 
observations.  Let  us  designate  by  x  the  correction  of 
the  least  result  and  by  x  augmented  successively  by 
q,  q\  q" ',  etc.,  the  corrections  of  the  following  results. 
Let  us  name  e,  e ',  e"  >  etc.,  the  errors  of  the  observa- 
tions whose  law  of  probability  we  will  suppose  known. 
Each  observation  being  a  function  of  the  result,  it  is 
easy  to  see  that  by  supposing  the  correction  x  of  this 
result  to  be  very  small,  the  error  e  of  the  first  observa- 
tion will  be  equal  to  the  product  of  x  by  a  determined 
coefficient.  Likewise  the  error  e'  of  the  second  obser- 
vation will  be  the  product  of  the  sum  q  plus  x,  by  a 
determined  coefficient,  and  so  on.  The  probability  of 
the  error  e  being  given  by  a  known  function,  it  will  be 
expressed  by  the  same  function  of  the  first  of  the  pre- 
ceding products.  The  probability  of  e'  will  be  expressed 
by  the  same  function  of  the  second  of  these  products, 
and  so  on  of  the  others.     The  probability  of  the  simul- 
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taneous  existence  of  the  errors  e,  e' ,  e" y  etc.,  will  be 
then  proportional  to  the  product  of  these  divers  func- 
tions, a  product  which  will  be  a  function  of  x.  This 
being  granted,  if  one  conceives  a  curve  whose  abscissa 
is  x,  and  whose  corresponding  ordinate  is  this  product, 
this  curve  will  represent  the  probability  of  the  divers 
values  of  xy  whose  limits  will  be  determined  by  the 
limits  of  the  errors  e,  e' ,  e" ',  etc.  Now  let  us  designate 
by  X  the  abscissa  which  it  is  necessary  to  choose ;  X 
diminished  by  x  will  be  the  error  which  would  be  com- 
mitted if  the  abscissa  x  were  the  true  correction.  This 
error,  multiplied  by  the  probability  of  x  or  by  the 
corresponding  ordinate  of  the  curve,  will  be  the  product 
of  the  loss  by  its  probability,  regarding,  as  one  should, 
this  error  as  a  loss  attached  to  the  choice  X.  Multi- 
plying this  product  by  the  differential  of  x  the  integral 
taken  from  the  first  extremity  of  the  curve  to  X  will 
be  the  disadvantage  of  X  resulting  from  the  values  of 
x  inferior  to  X.  For  the  values  of  x  superior  to  X,  x 
less  X  would  be  the  error  of  X  if  x  were  the  true  cor- 
rection ;  the  integral  of  the  product  of  x  by  the  corre- 
sponding ordinate  of  the  curve  and  by  the  differential 
of  x  will  be  then  the  disadvantage  of  X  resulting  from 
the  values  x  superior  to  x,  this  integral  being  taken 
from  x  equal  to  X  up  to  the  last  extremity  of  the 
curve.  Adding  this  disadvantage  to  the  preceding 
one,  the  sum  will  be  the  disadvantage  attached  to  the 
choice  of  X.  This  choice  ought  to  be  determined  by 
the  condition  that  this  disadvantage  be  a  minimum; 
and  a  very  simple  calculation  shows  that  for  this,  X 
ought  to  be  the  abscissa  whose  ordinate  divides  the 
curve  into  two  equal  parts,  so  that  it  is  thus  probable 
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that  the  true  value  of  x  falls  on  neither  the  one  side 
nor  the  other  of  X. 

Celebrated  geometricians  have  chosen  for  X  the 
most  probable  value  of  x  and  consequently  that  which 
corresponds  to  the  largest  ordinate  of  the  curve;  but 
the  preceding  value  appears  to  me  evidently  that  which 
the  theory  of  probability  indicates. 


CHAPTER   XVI. 

CONCERNING   ILLUSIONS  IN  THE  ESTIMATION 
OF  PROBABILITIES. 

The  mind  has  its  illusions  as  the  sense  of  sight;  and 
in  the  same  manner  that  the  sense  of  feeling  corrects 
the  latter,  reflection  and  calculation  correct  the  former. 
Probability  based  upon  a  daily  experience,  or  exag- 
gerated by  fear  and  by  hope,  strikes  us  more  than  a 
superior  probability  but  it  is  only  a  simple  result  of 
calculus.  Thus  we  do  not  fear  in  return  for  small 
advantages  to  expose  our  life  to  dangers  much  less 
improbable  than  the  drawing  of  a  quint  in  the  lottery 
of  France;  and  yet  no  one  would  wish  to  procure  for 
himself  the  same  advantages  with  the  certainty  of  losing 
his  life  if  this  quint  should  be  drawn. 

Our  passions,  our  prejudices,  and  dominating 
opinions,  by  exaggerating  the  probabilities  which  are 
favorable  to  them  and  by  attenuating  the  contrary 
probabilities,  are  the  abundant  sources  of  dangerous 
illusions. 

Present  evils  and  the  cause  which  produced  them 
effect  us  much  more  than  the  remembrance  of  evils 
produced  by  the  contrary  cause ;  they  prevent  us  from 
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appreciating-  with  justice  the  inconveniences  of  the  ones 
and  the  others,  and  the  probability  of  the  proper  means 
to  guard  ourselves  against  them.  It  is  this  which  leads 
alternately  to  despotism  and  to  anarchy  the  people 
who  are  driven  from  the  state  of  repose  to  which  they 
never  return  except  after  long  and  cruel  agitations. 

This  vivid  impression  which  we  receive  from  the 
presence  of  events,  and  which  allows  us  scarcely  to 
remark  the  contrary  events  observed  by  others,  is  a 
principal  cause  of  error  against  which  one  cannot  suffi- 
ciently guard  himself. 

It  is  principally  at  games  of  chance  that  a  multitude 
of  illusions  support  hope  and  sustain  it  against  unfavor- 
able chances.  The  majority  of  those  who  play  at 
lotteries  do  not  know  how  many  chances  are  to  their 
advantage,  how  many  are  contrary  to  them.  They 
see  only  the  possibility  by  a  small  stake  of  gaining  a 
considerable  sum,  and  the  projects  which  their  imagi- 
nation brings  forth,  exaggerate  to  their  eyes  the 
probability  of  obtaining  it;  the  poor  man  especially, 
excited  by  the  desire  of  a  better  fate,  risks  at  play  his 
necessities  by  clinging  to  the  most  unfavorable  com- 
binations which  promise  him  a  great  benefit.  All 
would  be  without  doubt  surprised  by  the  immense 
number  of  stakes  lost  if  they  could  know  of  them ;  but 
one  takes  care  on  the  contrary  to  give  to  the  winnings 
a  great  publicity,  which  becomes  a  new  cause  of  excite- 
ment for  this  funereal  play. 

When  a  number  in  the  lottery  of  France  has  not  been 
drawn  for  a  long  time  the  crowd  is  eager  to  cover  it 
with  stakes.  They  judge  since  the  number  has  not 
been  drawn  for  a  long  time  that  it  ought  at  the  next 
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drawing  to  be  drawn  in  preference  to  others.  So 
common  an  error  appears  to  me  to  rest  upon  an  illusion 
by  which  one  is  carried  back  involuntarily  to  the  origin 
of  events.  It  is,  for  example,  very  improbable  that 
at  the  play  of  heads  and  tails  one  will  throw  heads  ten 
times  in  succession.  This  improbability  which  strikes 
us  indeed  when  it  has  happened  nine  times,  leads  us 
to  believe  that  at  the  tenth  throw  tails  will  be  thrown. 
But  the  past  indicating  in  the  coin  a  greater  propensity 
for  heads  than  for  tails  renders  the  first  of  the  events 
more  probable  than  the  second ;  it  increases  as  one  has 
seen  the  probability  of  throwing  heads  at  the  following 
throw.  A  similar  illusion  persuades  many  people  that 
one  can  certainly  win  in  a  lottery  by  placing  each  time 
upon  the  same  number,  until  it  is  drawn,  a  stake  whose 
product  surpasses  the  sum  of  all  the  stakes.  But  even 
when  similar  speculations  would  not  often  be  stopped 
by  the  impossibility  of  sustaining  them  they  would  not 
diminish  the  mathematical  disadvantage  of  speculators 
and  they  would  increase  their  moral  disadvantage, 
since  at  each  drawing  they  would  risk  a  very  large  part 
of  their  fortune. 

I  have  seen  men,  ardently  desirous  of  having  a  son, 
who  could  learn  only  with  anxiety  of  the  births  of  boys 
in  the  month  when  they  expected  to  become  fathers. 
Imagining  that  the  ratio  of  these  births  to  those  of  girls 
ought  to  be  the  same  at  the  end  of  each  month,  they 
judged  that  the  boys  already  born  would  render  more 
probable  the  births  next  of  girls.  Thus  the  extraction 
of  a  white  ball  from  an  urn  which  contains  a  limited 
number  of  white  balls  and  of  black  balls  increases  the 
probability  of  extracting  a  black  ball  at  the  following 
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drawing.  But  this  ceases  to  take  place  when  the 
number  of  balls  in  the  urn  is  unlimited,  as  one  must 
suppose  in  order  to  compare  this  case  with  that  of 
births.  If,  in  the  course  of  a  month,  there  were  born 
many  more  boys  than  girls,  one  might  suspect  that 
toward  the  time  of  their  conception  a  general  cause 
had  favored  masculine  conception,  which  would  render 
more  probable  the  birth  next  of  a  boy.  The  irregular 
events  of  nature  are  not  exactly  comparable  to  the 
drawing  of  the  numbers  of  a  lottery  in  which  all  the 
numbers  are  mixed  at  each  drawing  in  such  a  manner 
as  to  render  the  chances  of  their  drawing  perfectly 
equal.  The  frequency  of  one  of  these  events  seems  to 
indicate  a  cause  slightly  favoring  it,  which  increases 
the  probability  of  its  next  return,  and  its  repetition 
prolonged  for  a  long  time,  such  as  a  long  series  of  rainy 
days,  may  develop  unknown  causes  for  its  change;  so 
that  at  each  expected  event  we  are  not,  as  at  each 
drawing  of  a  lottery,  led  back  to  the  same  state  of 
indecision  in  regard  to  what  ought  to  happen.  But  in 
proportion  as  the  observation  of  these  events  is  mul- 
tiplied, the  comparison  of  their  results  with  those  of 
lotteries  becomes  more  exact. 

By  an  illusion  contrary  to  the  preceding  ones  one 
seeks  in  the  past  drawings  of  the  lottery  of  France  the 
numbers  most  often  drawn,  in  order  to  form  combina- 
tions upon  which  one  thinks  to  place  the  stake  to 
advantage.  But  when  the  manner  in  which  the  mixing 
of  the  numbers  in  this  lottery  is  considered,  the  past 
ought  to  have  no  influence  upon  the  future.  The  very 
frequent  drawings  of  a  number  are  only  the  anomalies 
of  chance:  I  have  submitted  several  of  them  to  calcula- 
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tion  and  have  constantly  found  that  they  are  included 
within  the  limits  which  the  supposition  of  an  equal 
possibility  of  the  drawing  of  all  the  numbers  allows  us 
to  admit  without  improbability. 

In  a  long  series  of  events  of  the  same  kind  the  single 
chances  of  hazard  ought  sometimes  to  offer  the  singular 
veins  of  good  luck  or  bad  luck  which  the  majority  of 
players  do  not  fail  to  attribute  to  a  kind  of  fatality.  It 
happens  often  in  games  which  depend  at  the  same  time 
upon  hazard  and  upon  the  competency  of  the  players, 
that  that  one  who  loses,  troubled  by  his  loss,  seeks  to 
repair  it  by  hazardous  throws  which  he  would  shun  in 
another  situation ;  thus  he  aggravates  his  own  ill  luck 
and  prolongs  its  duration.  It  is  then  that  prudence 
becomes  necessary  and  that  it  is  of  importance  to  con- 
vince oneself  that  the  moral  disadvantage  attached  to 
unfavorable  chances  is  increased  by  the  ill  luck  itself. 

The  opinion  that  man  has  long  been  placed  in  the 
centre  of  the  universe,  considering  himself  the  special 
object  of  the  cares  of  nature,  leads  each  individual  to 
make  himself  the  centre  of  a  more  or  less  extended 
sphere  and  to  believe  that  hazard  has  preference  for 
him.  Sustained  by  this  belief,  players  often  risk  con- 
siderable sums  at  games  when  they  know  that  the 
chances  are  unfavorable.  In  the  conduct  of  life  a 
similar  opinion  may  sometimes  have  advantages ;  but 
most  often  it  leads  to  disastrous  enterprises.  Here  as 
everywhere  illusions  are  dangerous  and  truth  alone  is 
generally  useful. 

One  of  the  great  advantages  of  the  calculus  of  prob- 
abilities is  to  teach  us  to  distrust  first  opinions.  As  we 
recognize  that  they  often  deceive  when  they  may  be 
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submitted  to  calculus,  we  ought  to  conclude  that  in 
other  matters  confidence  should  be  given  only  after 
extreme  circumspection.    Let  us  prove  this  by  example. 

An  urn  contains  four  balls,  black  and  white,  but  which 
are  not  all  of  the  same  color.  One  of  these  balls  has 
been  drawn  whose  color  is  white  and  which  has  been 
put  back  in  the  urn  in  order  to  proceed  again  to  similar 
drawings.  One  demands  the  probability  of  extracting 
only  black  balls  in  the  four  following  drawings. 

If  the  white  and  black  were  in  equal  number  this 
probability  would  be  the  fourth  power  of  the  probability 
I  of  extracting  a  black  ball  at  each  drawing ;  it  would 
be  then  TXT.  But  the  extraction  of  a  white  ball  at  the 
first  drawing  indicates  a  superiority  in  the  number  of 
white  balls  in  the  urn ;  for  if  one  supposes  in  the  urn 
three  white  balls  and  one  black  the  probability  of 
extracting  a  white  ball  is  | ;  it  is  f  if  one  supposes  two 
white  balls  and  two  black ;  finally  it  is  reduced  to  J  if 
one  supposes  three  black  balls  and  one  white.  Follow- 
ing the  principle  of  the  probability  of  causes  drawn 
from  events  the  probabilities  of  these  three  suppositions 
are  among  themselves  as  the  quantities  f ,  f ,  i;  they 
are  consequently  equal  to  f ,  f ,  £.  It  is  thus  a  bet  of 
5  against  1  that  the  number  of  black  balls  is  inferior, 
or  at  the  most  equal,  to  that  of  the  white.  It  seems 
then  that  after  the  extraction  of  a  white  ball  at  the  first 
drawing,  the  probability  of  extracting  successively  four 
black  balls  ought  to  be  less  than  in  the  case  of  the 
equality  of  the  colors  or  smaller  than  one  sixteenth. 
However,  it  is  not,  and  it  is  found  by  a  very  simple 
calculation  that  this  probability  is  greater  than  one 
fourteenth.      Indeed    it    would    be    the    fourth    power 
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of  £,  of  |,  and  of  f-  in  the  first,  the  second,  and  the 
third  of  the  preceding  suppositions  concerning  the 
colors  of  the  balls  in  the  urn.  Multiplying  respectively 
each  power  by  the  probability  of  the  corresponding 
supposition,  or  by  £,  f,  and  \,  the  sum  of  the  products 
will  be  the  probability  of  extracting  successively  four 
black  balls.  One  has  thus  for  this  probability  ^2¥9¥,  a 
fraction  greater  than  -^T.  This  paradox  is  explained 
by  considering  that  the  indication  of  the  superiority  of 
white  balls  over  the  black  ones  at  the  first  drawing 
does  not  exclude  at  all  the  superiority  of  the  black  balls 
over  the  white  ones,  a  superiority  which  excludes  the 
supposition  of  the  equality  of  the  colors.  But  this 
superiority,  though  but  slightly  probable,  ought  to 
render  the  probability  of  drawing  successively  a  given 
number  of  black  balls  greater  than  in  this  supposition 
if  the  number  is  considerable ;  and  one  has  just  seen 
that  this  commences  when  the  given  number  is  equal 
to  four.  Let  us  consider  again  an  urn  which  contains 
several  white  and  black  balls.  Let  us  suppose  at  first 
that  there  is  only  one  white  ball  and  one  black.  It  is 
then  an  even  bet  that  a  white  ball  will  be  extracted  in 
one  drawing.  But  it  seems  for  the  equality  of  the  bet 
that  one  who  bets  on  extracting  the  white  ball  ought 
to  have  two  drawings  if  the  urn  contains  two  black 
and  one  white,  three  drawings  if  it  contains  three  black 
and  one  white,  and  so  on ;  it  is  supposed  that  after  each 
drawing  the  extracted  ball  is  placed  again  in  the  urn. 

We  are  convinced  easily  that  this  first  idea  is 
erroneous.  Indeed  in  the  case  of  two  black  and  one 
white  ball,  the  probability  of  extracting  two  black  in 
two  drawings  is  the  second  power  of  f  or  -$ ;  but  this 
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probability  added  to  that  of  drawing  a  white  ball  in  two 
drawings  is  certainty  or  unity,  since  it  is  certain  that 
two  black  balls  or  at  least  one  white  ball  ought  to  be 
drawn;  the  probability  in  this  last  case  is  then  -|,  a 
fraction  greater  than  £.  There  would  still  be  a  greater 
advantage  in  the  bet  of  drawing  one  white  ball  in  five 
draws  when  the  urn  contains  five  black  and  one  white 
ball ;  this  bet  is  even  advantageous  in  four  drawings ; 
it  returns  then  to  that  of  throwing  six  in  four  throws 
with  a  single  die. 

The  Chevalier  de  Mer£,  who  caused  the  invention 
of  the  calculus  of  probabilities  by  encouraging  his  friend 
Pascal,  the  great  geometrician,  to  occupy  himself  with 
it,  said  to  him  ' '  that  he  had  found  error  in  the  num- 
bers by  this  ratio.  If  we  undertake  to  make  six  with 
one  die  there  is  an  advantage  in  undertaking  it  in  four 
throws,  as  671  to  625.  If  we  undertake  to  make  two 
sixes  with  two  dice,  there  is  a  disadvantage  in  under- 
taking in  24  throws.  At  least  24  is  to  36,  the  number 
of  the  faces  of  the  two  dice,  as  4  is  to  6,  the  number 
of  faces  of  one  die."  "This  was,"  wrote  Pascal  to 
Fermat,  ' '  his  great  scandal  which  caused  him  to  say 
boldly  that  the  propositions  were  not  constant  and  that 
arithmetic  was  demented.  .  .  .  He  has  a  very  good 
mind,  but  he  is  not  a  geometrician,  which  is,  as  you 
know,  a  great  fault. ' '  The  Chevalier  de  Mere,  deceived 
by  a  false  analogy,  thought  that  in  the  case  of  the 
equality  of  bets  the  number  of  throws  ought  to  increase 
in  proportion  to  the  number  of  all  the  chances  possible, 
which  is  not  exact,  but  which  approaches  exactness  as 
this  number  becomes  larger. 

One  has  endeavored  to  explain  the  superiority  of  the 
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births  of  boys  over  those  of  girls  by  the  general  desire 
of  fathers  to  have  a  son  who  would  perpetuate  the 
name.  Thus  by  imagining  an  urn  filled  with  an  infinity 
of  white  and  black  balls  in  equal  number,  and  suppos- 
ing a  great  number  of  persons  each  of  whom  draws  a 
ball  from  this  urn  and  continues  with  the  intention  of 
stopping  when  he  shall  have  extracted  a  white  ball, 
one  has  believed  that  this  intention  ought  to  render  the 
number  of  white  balls  extracted  superior  to  that  of  the 
black  ones.  Indeed  this  intention  gives  necessarily 
after  all  the  drawings  a  number  of  white  balls  equal 
to  that  of  persons,  and  it  is  possible  that  these  draw- 
ings would  never  lead  a  black  ball.  But  it  is  easy  to 
see  that  this  first  notion  is  only  an  illusion;  for  if  one 
conceives  that  in  the  first  drawing  all  the  persons  draw 
at  once  a  ball  from  the  urn,  it  is  evident  that  their 
intention  can  have  no  influence  upon  the  color  of  the 
balls  which  ought  to  appear  at  this  drawing.  Its 
unique  effect  will  be  to  exclude  from  the  second  draw- 
ing the  persons  who  shall  have  drawn  a  white  one  at 
the  first.  It  is  likewise  apparent  that  the  intention  of 
the  persons  who  shall  take  part  in  the  new  drawing 
will  have  no  influence  upon  the  color  of  the  balls  which 
shall  be  drawn,  and  that  it  will  be  the  same  at  the  fol- 
lowing drawings.  This  intention  will  have  no  influence 
then  upon  the  color  of  the  balls  extracted  in  the  totality 
of  drawings ;  it  will,  however,  cause  more  or  fewer  to 
participate  at  each  drawing.  The  ratio  of  the  white 
balls  extracted  to  the  black  ones  will  differ  thus  very 
little  from  unity.  It  follows  that  the  number  of  persons 
being  supposed  very  large,  if  observation  gives  between 
the  colors  extracted  a  ratio  which  differs  sensibly  from 
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unity,  it  is  very  probable  that  the  same  difference  is 
found  between  unity  and  the  ratio  of  the  white  balls  to 
the  black  contained  in  the  urn. 

I  count  again  among  illusions  the  application  which 
Liebnitz  and  Daniel  Bernoulli  have  made  of  the  cal- 
culus of  probabilities  to  the  summation  of  series.  If 
one  reduces  the  fraction  whose  numerator  is  unity  and 
whose  denominator  is  unity  plus  a  variable,  in  a  series 
prescribed  by  the  ratio  to  the  powers  of  this  variable,  it 
is  easy  to  see  that  in  supposing  the  variable  equal  to 
unity  the  fraction  becomes  £,  and  the  series  becomes 
plus  one,  minus  one,  plus  one,  minus  one,  etc.  In 
adding  the  first  two  terms,  the  second  two,  and  so  on, 
the  series  is  transformed  into  another  of  which  each 
term  is  zero.  Grandi,  an  Italian  Jesuit,  concluded 
from  this  the  possibility  of  the  creation ;  because  the 
series  being  always  \,  he  saw  this  fraction  spring  from 
an  infinity  of  zeros  or  from  nothing.  It  was  thus  that 
Liebnitz  believed  he  saw  the  image  of  creation  in  his 
binary  arithmetic  where  he  employed  only  the  two 
characters,  unity  and  zero.  He  imagined,  since  God 
can  be  represented  by  unity  and  nothing  by  zero,  that 
the  Supreme  Being  had  drawn  from  nothing  all  beings-, 
as  unity  with  zero  expresses  all  the  numbers  in  this 
system  of  arithmetic.  This  idea  was  so  pleasing  to 
Liebnitz  that  he  communicated  it  to  the  Jesuit 
Grimaldi,  president  of  the  tribunal  of  methematics  in 
China,  in  the  hope  that  this  emblem  of  creation  would 
convert  to  Christianity  the  emperor  there  who  particu- 
larly loved  the  sciences.  I  report  this  incident  only 
to  show  to  what  extent  the  prejudices  of  infancy  can 
mislead  the  greatest  men. 
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Liebnitz,  always  led  by  a  singular  and  very  loose 
metaphysics,  considered  that  the  series  plus  one,  minus 
one,  plus  one,  etc.,  becomes  unity  or  zero  according  as 
one  stops  at  a  number  of  terms  odd  or  even ;  and  as  in 
infinity  there  is  no  reason  to  prefer  the  even  number 
to  the  odd,  one  ought  following  the  rules  of  probability, 
to  take  the  half  of  the  results  relative  to  these  two  kinds 
of  numbers,  and  which  are  zero  and  unity,  which  gives 
£  for  the  value  of  the  series.  Daniel  Bernoulli  has 
since  extended  this  reasoning  to  the  summation  of 
series  formed  from  periodic  terms.  But  all  these  series 
have  no  values  properly  speaking ;  they  get  them  only 
in  the  case  where  their  terms  are  multiplied  by  the 
successive  powers  of  a  variable  less  than  unity.  Then 
these  series  are  always  convergent,  however  small  one 
supposes  the  difference  of  the  variable  from  unity;  and 
it  is  easy  to  demonstrate  that  the  values  assigned  by 
Bernoulli,  by  virtue  of  the  rule  of  probabilities,  are  the 
same  values  of  the  generative  fraction  of  the  series, 
when  one  supposes  in  these  fractions  the  variable  equal 
to  unity.  These  values  are  again  the  limits  which  the 
series  approach  more  and  more,  in  proportion  as  the 
variable  approaches  unity.  But  when  the  variable  is 
exactly  equal  to  unity  the  series  cease  to  be  convergent ; 
they  have  values  only  as  far  as  one  arrests  them.  The 
remarkable  ratio  of  this  application  of  the  calculus  of 
probabilities  with  the  limits  of  the  values  of  periodic 
series  supposes  that  the  terms  of  these  series  are  multi- 
plied by  all  the  consecutive  powers  of  the  variable. 
But  this  series  may  result  from  the  development  of  an 
infinity  of  different  fractions  in  which  this  did  not  occur. 
Thus  the  series  plus  one,  minus  one,  plus  one,  etc., 
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may  spring  from  the  development  of  a  fraction  whose 
numerator  is  unity  plus  the  variable,  and  whose 
denominator  is  this  numerator  augmented  by  the  square 
of  the  variable.  Supposing  the  variable  equal  to  unity, 
this  development  changes,  in  the  series  proposed,  and 
the  generative  fraction  becomes  equal  to  f ;  the  rules 
of  probabilities  would  give  then  a  false  result,  which 
proves  how  dangerous  it  would  be  to  employ  similar 
reasoning,  especially  in  the  mathematical  sciences, 
which  ought  to  be  especially  distinguished  by  the  rigor 
of  their  operations. 

We  are  led  naturally  to  believe  that  the  order 
according  to  which  we  see  things  renewed  upon  the 
earth  has  existed  from  all  times  and  will  continue 
always.  Indeed  if  the  present  state  of  the  universe 
were  exactly  similar  to  the  anterior  state  which  has 
produced  it,  it  would  give  birth  in  its  turn  to  a  similar 
state;  the  succession  of  these  states  would  then  be 
eternal.  I  have  found  by  the  application  of  analysis  to 
the  law  of  universal  gravity  that  the  movement  of  rota- 
tion and  of  revolution  of  the  planets  and  satellites,  and 
the  position  of  the  orbits  and  of  their  equators  are  sub- 
jected only  to  periodic  inequalities.  In  comparing  with 
ancient  eclipses  the  theory  of  the  secular  equation  of 
the  moon  I  have  found  that  since  Hipparchus  the 
duration  of  the  day  has  not  varied  by  the  hundredth  of 
a  second,  and  that  the  mean  temperature  of  the  earth 
has  not  diminished  the  one-hundredth  of  a  degree. 
Thus  the  stability  of  actual  order  appears  established 
at  the  same  time  by  theory  and  by  observations.  But 
this  order  is  effected  by  divers  causes  which  an  atten- 
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tive  examination  reveals,  and  which  it  is  impossible  to 
submit  to  calculus. 

The  actions  of  the  ocean,  of  the  atmosphere,  and  of 
meteors,  of  earthquakes,  and  the  eruptions  of  volcanoes, 
agitate  continually  the  surface  of  the  earth  and  ought 
to  effect  in  the  long  run  great  changes.  The  tempera- 
ture of  climates,  the  volume  of  the  atmosphere,  and  the 
proportion  of  the  gases  which  constitute  it,  may  vary  in 
an  inappreciable  manner.  The  instruments  and  the 
means  suitable  to  determine  these  variations  being 
new,  observation  has  been  unable  up  to  this  time  to 
teach  us  anything  in  this  regard.  But  it  is  hardly 
probable  that  the  causes  which  absorb  and  renew  the 
gases  constituting  the  air  maintain  exactly  their  respec- 
tive proportions.  A  long  series  of  centuries  will  show 
the  alterations  which  are  experienced  by  all  these 
elements  so  essential  to  the  conservation  of  organized 
beings.  Although  historical  monuments  do  not  go 
back  to  a  very  great  antiquity  they  offer  us  nevertheless 
sufficiently  great  changes  which  have  come  about  by 
the  slow  and  continued  action  of  natural  agents. 
Searching  in  the  bowels  of  the  earth  one  discovers 
numerous  debris  of  former  nature,  entirely  different 
from  the  present.  Moreover,  if  the  entire  earth  was  in 
the  beginning  fluid,  as  everything  appears  to  indicate, 
one  imagines  that  in  passing  from  that  state  to  the  one 
which  it  has  now,  its  surface  ought  to  have  experienced 
prodigious  changes.  The  heavens  itself  in  spite  of  the 
order  of  its  movements,  is  not  unchangeable.  The 
resistance  of  light  and  of  other  ethereal  fluids,  and  the 
attraction  of  the  stars  ought,  after  a  great  number  of 
centuries,   to  alter  considerably  the    planetary  move- 
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merits.  The  variations  already  observed  in  the  stars 
and  in  the  form  of  the  nebulae  give  us  a  presentiment 
of  those  which  time  will  develop  in  the  system  of  these 
great  bodies.  One  may  represent  the  successive  states 
of  the  universe  by  a  curve,  of  which  time  would  be  the 
abscissa  and  of  which  the  ordinates  are  the  divers 
states.  Scarcely  knowing  an  element  of  this  curve  we 
are  far  from  being  able  to  go  back  to  its  origin ;  and 
if  in  order  to  satisfy  the  imagination,  always  restless 
from  our  ignorance  of  the  cause  of  the  phenomena 
which  interest  it,  one  ventures  some  conjectures  it  is 
wise  to  present  them  only  with  extreme  reserve. 

There  exists  in  the  estimation  of  probabilities  a  kind 
of  illusions,  which  depending  especially  upon  the  laws 
of  the  intellectual  organization  demands,  in  order  to 
secure  oneself  against  them,  a  profound  examination 
of  these  laws.  The  desire  to  penetrate  into  the  future 
and  the  ratios  of  some  remarkable  events,  to  the  predic- 
tions of  astrologers,  of  diviners  and  soothsayers,  to 
presentiments  and  dreams,  to  the  numbers  and  the 
days  reputed  lucky  or  unlucky,  have  given  birth  to  a 
multitude  of  prejudices  still  very  widespread.  One 
does  not  reflect  upon  the  great  number  of  non-coinci- 
dences which  have  made  no  impression  or  which  are 
unknown.  However,  it  is  necessary  to  be  acquainted 
with  them  in  order  to  appreciate  the  probability  of  the 
causes  to  which  the  coincidences  are  attributed.  This 
knowledge  would  confirm  without  doubt  that  which 
reason  tells  us  in  regard  to  these  prejudices.  Thus  the 
philosopher  of  antiquity  to  whom  is  shown  in  a  temple, 
in  order  to  exalt  the  power  of  the  god  who  is  adored 
there,  the  ex  veto  of  all  those  who  after  having  invoked 
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it  were  saved  from  shipwreck,  presents  an  incident 
consonant  with  the  calculus  of  probabilities,  observing 
that  he  does  not  see  inscribed  the  names  of  those  who, 
in  spite  of  this  invocation,  have  perished.  Cicero  has 
refuted  all  these  prejudices  with  much  reason  and 
eloquence  in  his  Treatise  o?i  Divination,  which  he  ends 
by  a  passage  which  I  shall  cite ;  for  one  loves  to  find 
again  among  the  ancients  the  thunderbolts  of  reason, 
which,  after  having  dissipated  all  the  prejudices  by  its 
light,  shall  become  the  sole  foundation  of  human  insti- 
tutions. 

"It  is  necessary,"  says  the  Roman  orator,  "to 
reject  divination  by  dreams  and  all  similar  prejudices. 
Widespread  superstition  has  subjugated  the  majority 
of  minds  and  has  taken  possession  of  the  feebleness  of 
men.  It  is  this  we  have  expounded  in  our  books  upon 
the  nature  of  the  gods  and  especially  in  this  work, 
persuaded  that  we  shall  render  a  service  to  others  and 
to  ourselves  if  we  succeed  in  destroying  superstition. 
However  (and  I  desire  especially  in  this  regard  my 
thought  be  well  comprehended),  in  destroying  super- 
stition I  am  far  from  wishing  to  disturb  religion. 
Wisdom  enjoins  us  to  maintain  the  institutions  and  the 
ceremonies  of  our  ancestors,  touching  the  cult  of  the 
gods.  Moreover,  the  beauty  of  the  universe  and  the 
order  of  celestial  things  force  us  to  recognize  some 
superior  nature  which  ought  to  be  remarked  and 
admired  by  the  human  race.  But  as  far  as  it  is  proper 
to  propagate  religion,  which  is  joined  to  the  knowledge 
of  nature,  so  far  it  is  necessary  to  work  toward  the 
extirpation  of  superstition,  for  it  torments  one,  impor- 
tunes one,  and  pursues  one  continually  and  in  all  places. 
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If  one  consult  a  diviner  or  a  soothsayer,  if  one  immo- 
lates a  victim,  if  one  regards  the  flight  of  a  bird,  if  one 
encounters  a  Chaldean  or  an  aruspex,  if  it  lightens,  if 
it  thunders,  if  the  thunderbolt  strikes,  finally,  if  there 
is  born  or  is  manifested  a  kind  of  prodigy,  things  one 
of  which  ought  often  to  happen,  then  superstition 
dominates  and  leaves  no  repose.  Sleep  itself,  this 
refuge  of  mortals  in  their  troubles  and  their  labors, 
becomes  by  it  a  new  source  of  inquietude  and  fear. ' ' 

All  these  prejudices  and  the  terrors  which  they 
inspire  are  connected  with  physiological  causes  which 
continue  sometimes  to  operate  strongly  after  reason 
has  disabused  us  of  them.  But  the  repetition  of  acts 
contrary  to  these  prejudices  can  always  destroy  them. 


CHAPTER   XVII. 

CONCERNING   THE  CARIOUS  MEANS  OF 
APPROACHING  CERTAINTY. 

Induction,  analogy,  hypotheses  founded  upon  facts 
and  rectified  continually  by  new  observations,  a  happy 
tact  given  by  nature  and  strengthened  by  numerous 
comparisons  of  its  indications  with  experience,  such 
are  the  principal  means  for  arriving  at  truth. 

If  one  considers  a  series  of  objects  of  the  same 
nature  one  perceives  among  them  and  in  their  changes 
ratios  which  manifest  themselves  more  and  more  in 
proportion  as  the  series  is  prolonged,  and  which, 
extending  and  generalizing  continually,  lead  finally  to 
the  principle  from  which  they  were  derived.  But  these 
ratios  are  enveloped  by  so  many  strange  circumstances 
that  it  requires  great  sagacity  to  disentangle  them  and 
to  recur  to  this  principle:  it  is  in  this  that  the  true 
genius  of  sciences  consists.  Analysis  and  natural 
philosophy  owe  their  most  important  discoveries  to  this 
fruitful  means,  which  is  called  induction.  Newton  was 
indebted  to  it  for  his  theorem  of  the  binomial  and  the 
principle  of  universal  gravity.  It  is  difficult  to  appre- 
ciate the  probability  of  the  results  of  induction,  which  is 
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based  upon  this  that  the  simplest  ratios  are  the  most 
common;  this  is  verified  in  the  formulas  of  analysis  and 
is  found  again  in  natural  phenomena,  in  crystallization, 
and  in  chemical  combinations.  This  simplicity  of 
ratios  will  not  appear  astonishing  if  we  consider  that 
all  the  effects  of  nature  are  only  mathematical  results 
of  a  small  number  of  immutable  laws. 

Yet  induction,  in  leading  to  the  discovery  of  the 
general  principles  of  the  sciences,  does  not  suffice  to 
establish  them  absolutely.  It  is  always  necessary  to 
confirm  them  by  demonstrations  or  by  decisive  experi- 
ences; for  the  history  of  the  sciences  shows  us  that 
induction  has  sometimes  led  to  inexact  results.  I  shall 
cite,  for  example,  a  theorem  of  Fermat  in  regard  to 
prime  numbers.  This  great  geometrician,  who  had 
meditated  profoundly  upon  this  theorem,  sought  a 
formula  which,  containing  only  prime  numbers,  gave 
directly  a  prime  number  greater  than  any  other 
number  assignable.  Induction  led  him  to  think  that 
two,  raised  to  a  power  which  was  itself  a  power  of  two, 
formed  with  unity  a  prime  number.  Thus,  two 
raised  to  the  square  plus  one,  forms  the  prime  num- 
ber five;  two  raised  to  the  second  power  of  two,  or 
sixteen,  forms  with  one  the  prime  number  seventeen. 
He  found  that  this  was  still  true  for  the  eighth  and  the 
sixteenth  power  of  two  augmented  by  unity;  and  this 
induction,  based  upon  several  arithmetical  considera- 
tions, caused  him  to  regard  this  result  as  general. 
However,  he  avowed  that  he  had  not  demonstrated  it. 
Indeed,  Euler  recognized  that  this  does  not  hold  for 
the  thirty-second  power  of  two,  which,  augmented  by 
unity,  gives  4,294,967.297,  a  number  divisible  by  641. 
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We  judge  by  induction  that  if  various  events,  move- 
ments, for  example,  appear  constantly  and  have  been 
long  connected  by  a  simple  ratio,  they  will  continue 
to  be  subjected  to  it;  and  we  conclude  from  this,  by 
the  theory  of  probabilities,  that  this  ratio  is  due,  not  to 
hazard,  but  to  a  regular  cause.  Thus  the  equality  of 
the  movements  of  the  rotation  and  the  revolution  of 
the  moon ;  that  of  the  movements  of  the  nodes  of  the 
orbit  and  of  the  lunar  equator,  and  the  coincidence  of 
these  nodes;  the  singular  ratio  of  the  movements  of 
the  first  three  satellites  of  Jupiter,  according  to  which 
the  mean  longitude  of  the  first  satellite,  less  three  times 
that  of  the  second,  plus  two  times  that  of  the  third,  is 
equal  to  two  right  angles ;  the  equality  of  the  interval 
of  the  tides  to  that  of  the  passage  of  the  moon  to  the 
meridian;  the  return  of  the  greatest  tides  with  the 
syzygies,  and  of  the  smallest  with  the  quadratures;  all 
these  things,  which  have  been  maintained  since  they 
were  first  observed,  indicate  with  an  extreme  prob- 
ability, the  existence  of  constant  causes  which  geome- 
tricians have  happily  succeeded  in  attaching  to  the  law 
of  universal  gravity,  and  the  knowledge  of  which 
renders  certain  the  perpetuity  of  these  ratios. 

The  chancellor  Bacon,  the  eloquent  promoter  of  the 
true  philosophical  method,  has  made  a  very  strange 
misuse  of  induction  in  order  to  prove  the  immobility  of 
the  earth.  He  reasons  thus  in  the  Novum  Organum, 
his  finest  work :  ' '  The  movement  of  the  stars  from 
the  orient  to  the  Occident  increases  in  swiftness,  in 
proportion  to  their  distance  from  the  earth.  This 
movement  is  swiftest  with  the  stars ;  it  slackens  a  little 
with  Saturn,  a  little  more  with  Jupiter,  and  so  on  to 
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the  moon  and  the  highest  comets.  It  is  still  percepti- 
ble in  the  atmosphere,  especially  between  the  tropics, 
on  account  of  the  great  circles  which  the  molecules  of 
the  air  describe  there ;  finally,  it  is  almost  inappreciable 
with  the  ocean;  it  is  then  nil  for  the  earth."  But  this 
induction  proves  only  that  Saturn,  and  the  stars  which 
are  inferior  to  it,  have  their  own  movements,  contrary 
to  the  real  or  apparent  movement  which  sweeps  the 
whole  celestial  sphere  from  the  orient  to  the  Occident, 
and  that  these  movements  appear  slower  with  the  more 
remote  stars,  which  is  conformable  to  the  laws  of 
optics.  Bacon  ought  to  have  been  struck  by  the 
inconceivable  swiftness  which  the  stars  require  in  order 
to  accomplish  their  diurnal  revolution,  if  the  earth  is 
immovable,  and  by  the  extreme  simplicity  with  which 
its  rotation  explains  how  bodies  so  distant,  the  ones 
from  the  others,  as  the  stars,  the  sun,  the  planets,  and 
the  moon,  all  seem  subjected  to  this  revolution.  As 
to  the  ocean  and  to  the  atmosphere,  he  ought  not  to 
compare  their  movement  with  that  of  the  stars  which 
are  detached  from  the  earth ;  but  since  the  air  and  the 
sea  make  part  of  the  terrestrial  globe,  they  ought  to 
participate  in  its  movement  or  in  its  repose.  It  is 
singular  that  Bacon,  carried  to  great  prospects  by  his 
genius,  was  not  won  over  by  the  majestic  idea  which 
the  Copernican  system  of  the  universe  offers.  He  was 
able,  however,  to  find  in  favor  of  that  system,  strong 
analogies  in  the  discoveries  of  Galileo,  which  were 
continued  by  him.  He  has  given  for  the  search  after 
truth  the  precept,  but  not  the  example.  But  by 
insisting,  with  all  the  force  of  reason  and  of  eloquence, 
upon    the    necessity    of   abandoning   the    insignificant 
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subtilities  of  the  school,  in  order  to  apply  oneself  to 
observations  and  to  experiences,  and  by  indicating  the 
true  method  of  ascending  to  the  general  causes  of 
phenomena,  this  great  philosopher  contributed  to  the 
immense  strides  which  the  human  mind  made  in  the 
grand  century  in  which  he  terminated  his  career. 

Analogy  is  based  upon  the  probability,  that  similar 
things  have  causes  of  the  same  kind  and  produce  the 
same  effects.     This  probability  increase  as  the  simili- 
tude becomes  more  perfect.      Thus  we  judge  without 
doubt   that  beings   provided   with    the   same    organs, 
doing  the  same  things,  experience  the  same  sensations, 
and  are  moved  by  the  same  desires.      The  probability 
that  the  animals  which   resemble  us  have   sensations 
analogous   to   ours,    although   a  little  inferior  to   that 
which  is  relative  to  individuals  of  our  species,  is  still 
exceedingly  great;  and  it  has  required  all  the  influence 
of  religious    prejudices   to   make  us  think  with   some 
philosophers  that  animals  are  mere  automatons.     The 
probability  of  the  existence  of  feeling  decreases  in  the 
same  proportion  as  the  similitude  of  the  organs  with 
ours  diminishes,  but  it  is  always  very  great,  even  with 
insects.      In  seeing  those  of  the  same  species  execute 
very  complicated  things  exactly  in  the  same  manner 
from   generation   to   generation,    and    without   having 
learned  them,  one  is  led  to  believe  that  they  act  by  a 
kind  of  affinity  analogous  to  that  which  brings  together 
the  molecules  of  crystals,  but  which,  together  with  the 
sensation  attached  to  all  animal  organization,  produces, 
with  the  regularity  of  chemical  combinations,  combina- 
tions that  are  much  more  singular;  one  might,  perhaps, 
name  this  mingling  of  elective  affinities  and  sensations 
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animal  ajfinity.  Although  there  exists  a  great  analogy 
between  the  organization  of  plants  and  that  of  animals, 
it  does  not  seem  to  me  sufficient  to  extend  to  vegetables 
the  sense  of  feeling ;  but  nothing  authorizes  us  in  deny- 
ing it  to  them. 

Since  the  sun  brings  forth,  bythe  beneficent  action 
of  its  light  and  of  its  heat,  the  animals  and  plants 
which  cover  the  earth,  we  judge  by  analogy  that  it 
produces  similar  effects  upon  the  other  planets ;  for  it 
is  not  natural  to  think  that  the  cause  whose  activity  we 
see  developed  in  so  many  ways  should  be  sterile  upon 
so  great  a  planet  as  Jupiter,  which,  like  the  terrestrial 
globe,  has  its  days,  its  nights,  and  its  years,  and  upon 
which  observations  indicate  changes  which  suppose 
very  active  forces.  Yet  this  would  be  giving  too  great 
an  extension  to  analogy  to  conclude  from  it  the  simili- 
tude of  the  inhabitants  of  the  planets  and  of  the  earth. 
Man,  made  for  the  temperature  which  he  enjoys,  and 
for  the  element  which  he  breathes,  would  not  be  able, 
according  to  all  appearance,  to  live  upon  the  other 
planets.  But  ought  there  not  to  be  an  infinity  of 
organization  relative  to  the  various  constitutions  of  the 
globes  of  this  universe  ?  If  the  single  difference  of  the 
elements  and  of  the  climates  make  so  much  variety  in 
terrestrial  productions,  how  much  greater  the  difference 
ought  to  be  among  those  of  the  various  planets  and  of 
their  satellites !  The  most  active  imagination  can  form 
no  idea  of  it;  but  their  existence  is  very  probable. 

We  are  led  by  a  strong  analogy  to  regard  the  stars 
as  so  many  suns  endowed,  like  ours,  with  an  attractive 
power  proportional  to  the  mass  and  reciprocal  to  the 
square  of  the  distances ;  for  this  power  being  demon- 
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strated  for  all  the  bodies  of  the  solar  system,  and  for 
their  smallest  molecules,  it  appears  to  appertain  to  all 
matter.  Already  the  movements  of  the  small  stars, 
which  have  been  called  double,  on  account  of  their 
being  binary,  appear  to  indicate  it;  a  century  at  most  of 
precise  observations,  by  verifying  their  movements  of 
revolution,  the  ones  about  the  others,  will  place  beyond 
doubt  their  reciprocal  attractions. 

The  analogy  which  leads  us  to  make  each  star  the 
centre  of  a  planetary  system  is  far  less  strong  than 
the  preceding  one;  but  it  acquires  probability  by  the 
hypothesis  which  has  been  proposed  in  regard  to 
the  formation  of  the  stars  and  of  the  sun;  for  in  this 
hypothesis  each  star,  having  been  like  the  sun,  primi- 
tively environed  by  a  vast  atmosphere,  it  is  natural  to 
attribute  to  this  atmosphere  the  same  effects  as  to  the 
solar  atmosphere,  and  to  suppose  that  it  has  produced, 
in  condensing,  planets  and  satellites. 

A  great  number  of  discoveries  in  the  sciences  is  due 
to  analogy.  I  shall  cite  as  one  of  the  most  remarkable, 
the  discovery  of  atmospheric  electricity,  to  which  one 
has  been  led  by  the  analogy  of  electric  phenomena 
with  the  effects  of  thunder. 

The  surest  method  which  can  guide  us  in  the  search 
for  truth,  consists  in  rising  by  induction  from  phenomena 
to  laws  and  from  laws  to  forces.  Laws  are  the  ratios 
which  connect  particular  phenomena  together:  when 
they  have  shown  the  general  principle  of  the  forces 
from  which  they  are  derived,  one  verifies  it  either  by 
direct  experiences,  when  this  is  possible,  or  by  exami- 
nation if  it  agrees  with  known  phenomena;  and  if  by 
a  rigorous   analysis   we   see   them   proceed   from   this 
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principle,  even  in  their  small  details,  and  if,  moreover, 
they  are  quite  varied  and  very  numerous,  then  science 
acquires  the  highest  degree  of  certainty  and  of  perfec- 
tion that  it  is  able  to  attain.  Such,  astronomy  has 
become  by  the  discovery  of  universal  gravity.  The 
history  of  the  sciences  shows  that  the  slow  and  laborious 
path  of  induction  has  not  always  been  that  of  inventors. 
The  imagination,  impatient  to  arrive  at  the  causes, 
takes  pleasure  in  creating  hypotheses,  and  often  it 
changes  the  facts  in  order  to  adapt  them  to  its  work ; 
then  the  hypotheses  are  dangerous.  But  when  one 
regards  them  only  as  the  means  of  connecting  the 
phenomena  in  order  to  discover  the  laws;  when,  by 
refusing  to  attribute  them  to  a  reality,  one  rectifies 
them  continually  by  new  observations,  they  are  able 
to  lead  to  the  veritable  causes,  or  at  least  put  us  in  a 
position  to  conclude  from  the  phenomena  observed 
those  which  given  circumstances  ought  to  produce. 

If  we  should  try  all  the  hypotheses  which  can  be 
formed  in  regard  to  the  cause  of  phenomena  we  should 
arrive,  by  a  process  of  exclusion,  at  the  true  one. 
This  means  has  been  employed  with  success;  some- 
times we  have  arrived  at  several  hypotheses  which 
explain  equally  well  all  the  facts  known,  and  among 
which  scholars  are  divided,  until  decisive  observations 
have  made  known  the  true  one.  Then  it  is  interesting, 
for  the  history  of  the  human  mind,  to  return  to  these 
hypotheses,  to  see  how  they  succeed  in  explaining  a 
great  number  of  facts,  and  to  investigate  the  changes 
which  they  ought  to  undergo  in  order  to  agree  with  the 
history  of  nature.  It  is  thus  that  the  system  01 
Ptolemy,    which    is    only   the    realization   of  celestial 
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appearances,  is  transformed  into  the  hypothesis  of  the 
movement  of  the  planets  about  the  sun,  by  rendering 
equal  and  parallel  to  the  solar  orbit  the  circles  and  the 
epicycles  which  he  causes  to  be  described  annually, 
and  the  magnitude  of  which  he  leaves  undetermined. 
It  suffices,  then,  in  order  to  change  this  hypothesis  into 
the  true  system  of  the  world,  to  transport  the  apparent 
movement  of  the  sun  in  a  sense  contrary  to  the  earth. 

It  is  almost  always  impossible  to  submit  to  calculus 
the  probability  of  the  results  obtained  by  these  various 
means ;  this  is  true  likewise  for  historical  facts.  But 
the  totality  of  the  phenomena  explained,  or  of  the 
testimonies,  is  sometimes  such  that  without  being  able 
to  appreciate  the  probability  we  cannot  reasonably 
permit  ourselves  any  doubt  in  regard  to  them.  In  the 
other  cases  it  is  prudent  to  admit  them  only  with  great 
reserve. 


CHAPTER    XVIII. 

HISTORICAL  NOTICE  CONCERNING   THE  CAL- 
CULUS OF  PROBABILITIES. 

LONG  ago  were  determined,  in  the  simplest  games, 
the  ratios  of  the  chances  which  are  favorable  or 
unfavorable  to  the  players;  the  stakes  and  the  bets 
were  regulated  according  to  these  ratios.  But  no  one 
before  Pascal  and  Fermat  had  given  the  principles  and 
the  methods  for  submitting  this  subject  to  calculus,  and 
no  one  had  solved  the  rather  complicated  questions  of 
this  kind.  It  is,  then,  to  these  two  great  geometricians 
that  we  must  refer  the  first  elements  of  the  science  of 
probabilities,  the  discovery  of  which  can  be  ranked 
among  the  remarkable  things  which  have  rendered 
illustrious  the  seventeenth  century — the  century  which 
has  done  the  greatest  honor  to  the  human  mind.  The 
principal  problem  which  they  solved  by  different 
methods,  consists,  as  we  have  seen,  in  distributing 
equitably  the  stake  among  the  players,  who  are  sup- 
posed to  be  equally  skilful  and  who  agree  to  stop  the 
game  before  it  is  finished,  the  condition  of  play  being 
that,  in  order  to  win  the  game,  one  must  gain  a  given 
number  of  points  different  for  each  of  the  players.     It 
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is  clear  that  the  distribution  should  be  made  propor- 
tionally to  the  respective  probabilities  of  the  players  of 
winning  this  game,  the  probabilities  depending  upon 
the  numbers  of  points  which  are  still  lacking.  The 
method  of  Pascal  is  very  ingenious,  and  is  at  bottom 
only  the  equation  of  partial  differences  of  this  problem 
applied  in  determining  the  successive  probabilities  of 
the  players,  by  going  from  the  smallest  numbers  to  the 
following  ones.  This  method  is  limited  to  the  case  of 
two  players;  that  of  Fermat,  based  upon  combinations, 
applies  to  any  number  of  players.  Pascal  believed  at 
first  that  it  was,  like  his  own,  restricted  to  two  players; 
this  brougnt  about  between  them  a  discussion,  at  the 
conclusion  of  which  Pascal  recognized  the  generality 
of  the  method  of  Fermat. 

Huygens  united  the  divers  problems  which  had 
already  been  solved  and  added  new  ones  in  a  little 
treatise,  the  first  that  has  appeared  on  this  subject 
and  which  has  the  title  De  Ratiociniis  in  ludo  alece. 
Several  geometricians  have  occupied  themselves  with 
the  subject  since:  Hudde,  the  great  pensionary,  Witt 
in  Holland,  and  Halley  in  England,  applied  calculus 
to  the  probabilities  of  human  life,  and  Halley  published 
in  this  field  the  first  table  of  mortality.  About  the 
same  time  Jacques  Bernoulli  proposed  to  geometricians 
various  problems  of  probability,  of  which  he  afterwards 
gave  solutions.  Finally  he  composed  his  beautiful 
work  entitled  Ars  conjectandi,  which  appeared  seven 
years  after  his  death,  which  occurred  in  1706.  The 
science  of  probabilities  is  more  profoundly  investigated 
in  this  work  than  in  that  of  Huygens.  The  author 
gives  a  general  theory  of  combinations  and  series,  and 
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applies  it  to  several  difficult  questions  concerning 
hazards.  This  work  is  still  remarkable  on  account  of 
the  justice  and  the  cleverness  of  view,  the  employment 
of  the  formula  of  the  binomial  in  this  kind  of  questions, 
and  by  the  demonstration  of  this  theorem,  namely, 
that  in  multiplying  indefinitely  the  observations  and 
the  experiences,  the  ratio  of  the  events  of  different 
natures  approaches  that  of  their  respective  probabilities 
in  the  limits  whose  interval  becomes  more  and  more 
narrow  in  proportion  as  they  are  multiplied,  and 
become  less  than  any  assignable  quantity.  This 
theorem  is  very  useful  for  obtaining  by  observations 
the  laws  and  the  causes  of  phenomena.  Bernoulli 
attaches,  with  reason,  a  great  importance  to  his  demon- 
stration, upon  which  he  has  said  to  have  meditated  for 
twenty  years. 

In  the  interval,  from  the  death  of  Jacques  Bernoulli 
to  the  publication  of  his  work,  Montmort  and  Moivre 
produced  two  treatises  upon  the  calculus  of  probabili- 
ties. That  of  Montmort  has  the  title  Ess  at  sur  les 
Jeux  de  hasard;  it  contains  numerous  applications  of 
this  calculus  to  various  games.  The  author  has  added 
in  the  second  edition  some  letters  in  which  Nicolas 
Bernoulli  gives  the  ingenious  solutions  of  several  diffi- 
cult problems.  The  treatise  of  Moivre,  later  than  that 
of  Montmort,  appeared  at  first  in  the  Transactions 
philosophiques  of  the  year  171 1.  Then  the  author 
published  it  separately,  and  he  has  improved  it  succes- 
sively in  three  editions.  This  work  is  principally  based 
upon  the  formula  of  the  binomial  and  the  problems 
which  it  contains  have,  like  their  solutions,  a  grand 
generality.      But  its  distinguishing  feature  is  the  theory 


1 88      A  PHILOSOPHICAL   ESSAY  ON  PROBABILITIES. 

of  recurrent  series  and  their  use  in  this  subject.  This 
theory  is  the  integration  of  linear  equations  of  finite 
differences  with  constant  coefficients,  which  Moivre 
made  in  a  very  happy  manner. 

In  his  work,  Moivre  has  taken  up  again  the  theory 
of  Jacques  Bernoulli  in  regard  to  the  probability  of 
results  determined  by  a  great  number  of  observations. 
He  does  not  content  himself  with  showing,  as  Bernoulli 
does,  that  the  ratio  of  the  events  which  ought  to  occur 
approaches  without  ceasing  that  of  their  respective 
probabilities;  but  he  gives  besides  an  elegant  and 
simple  expression  of  the  probability  that  the  difference 
of  these  two  ratios  is  contained  within  the  given  limits. 
For  this  purpose  he  determines  the  ratio  of  the  greatest 
term  of  the  development  of  a  very  high  power  of  the 
binomial  to  the  sum  of  all  its  terms,  and  the  hyperbolic 
logarithm  of  the  excess  of  this  term  above  the  terms 
adjacent  to  it. 

The  greatest  term  being  then  the  product  of  a  con- 
siderable number  of  factors,  his  numerical  calculus 
becomes  impracticable.  In  order  to  obtain  it  by  a 
convergent  approximation,  Moivre  makes  use  of  a 
theorem  of  Stirling  in  regard  to  the  mean  term  of  the 
binomial  raised  to  a  high  power,  a  remarkable 
theorem,  especially  in  this,  that  it  introduces  the  square 
root  of  the  ratio  of  the  circumference  to  the  radius  in 
an  expression  which  seemingly  ought  to  be  irrelevant 
to  this  transcendent.  Moreover,  Moivre  was  greatly 
struck  by  this  result,  which  Stirling  had  deduced  from 
the  expression  of  the  circumference  in  infinite  products ; 
Wallis    had    arrived    at   this   expression  by  a   singlar 
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analysis  which  contains  the  germ  of  the  very  curious 
and  useful  theory  of  definite  intergrals. 

Many  scholars,  among  whom  one  ought  to  name 
Deparcieux,  Kersseboom,  Wargentin,  Dupre  de  Saint- 
Maure,  Simpson,  Sussmilch,  Messene,  Moheau,  Price, 
Bailey,  and  Duvillard,  have  collected  a  great  amount 
of  precise  data  in  regard  to  population,  births,  mar- 
riages, and  mortality.  They  have  given  formulae  and 
tables  relative  to  life  annuities,  tontines,  assurances, 
etc.  But  in  this  short  notice  I  can  only  indicate  these 
useful  works  in  order  to  adhere  to  original  ideas.  Of 
this  number  special  mention  is  due  to  the  mathematical 
and  moral  hopes  and  to  the  ingenious  principle  which 
Daniel  Bernoulli  has  given  for  submitting  the  latter  to 
analysis.  Such  is  again  the  happy  application  which 
he  has  made  of  the  calculus  of  probabilities  to  inocula- 
tion. One  ought  especially  to  include,  in  the  number 
of  these  original  ideas,  direct  consideration  of  the 
possibility  of  events  drawn  from  events  observed. 
Jacques  Bernoulli  and  Moivre  supposed  these  possibili- 
ties known,  and  they  sought  the  probability  that  the 
result  of  future  experiences  will  more  and  more  nearly 
represent  them.  Bayes,  in  the  Transactions  philoso- 
phiques  of  the  year  1763,  sought  directly  the  probability 
that  the  possibilities  indicated  by  past  experiences  are 
comprised  within  given  limits ;  and  he  has  arrived  at 
this  in  a  refined  and  very  ingenious  manner,  although 
a  little  perplexing.  This  subject  is  connected  with  the 
theory  of  the  probability  of  causes  and  future  events, 
concluded  from  events  observed.  Some  years  later  I 
expounded  the  principles  of  this  theory  with  a  remark 
as  to  the  influence  of  the  inequalities  which  may  exist 
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among  the  chances  which  are  supposed  to  be  equal. 
Although  it  is  not  known  which  of  the  simple  events 
these  inequalities  favor,  nevertheless  this  ignorance 
itself  often  increases  the  probability  of  compound 
events. 

In  generalizing  analysis  and  the  problems  concern- 
ing probabilities,  I  was  led  to  the  calculus  of  partial 
finite  differences,  which  Lagrange  has  since  treated  by 
a  very  simple  method,  elegant  applications  of  which 
he  has  used  in  this  kind  of  problems.  The  theory  of 
generative  functions  which  I  published  about  the  same 
time  includes  these  subjects  among  those  it  embraces, 
and  is  adapted  of  itself  and  with  the  greatest  generality 
to  the  most  difficult  questions  of  probability.  It  deter- 
mines again,  by  very  convergent  approximations,  the 
values  of  the  functions  composed  of  a  great  number  of 
terms  and  factors ;  and  in  showing  that  the  square  root 
of  the  ratio  of  the  circumference  to  the  radius  enters 
most  frequently  into  these  values,  it  shows  that  an 
infinity  of  other  transcendents  may  be  introduced. 

Testimonies,  votes,  and  the  decisions  of  electoral 
and  deliberative  assemblies,  and  the  judgments  of 
tribunals,  have  been  submitted  likewise  to  the  calculus 
of  probabilities.  So  many  passions,  divers  interests, 
and  circumstances  complicate  the  questions  relative  to 
the  subjects,  that  they  are  almost  always  insoluble. 
But  the  solution  of  very  simple  problems  which  have  a 
great  analogy  with  them,  may  often  shed  upon  difficult 
and  important  questions  great  light,  which  the  surety 
of  calculus  renders  always  preferable  to  the  most 
specious  reasonings. 

One  of  the  most  interesting  applications  of  the  cal- 
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cuius  of  probabilities  concerns  the  mean  values  which 
must  be  chosen  among  the  results  of  observations. 
Many  geometricians  have  studied  the  subject,  and 
Lagrange  has  published  in  the  Memoires  de  Turin  a 
beautiful  method  for  determining  these  mean  values 
when  the  law  of  the  errors  of  the  observations  is 
known.  I  have  given  for  the  same  purpose  a  method 
based  upon  a  singular  contrivance  which  may  be 
employed  with  advantage  in  other  questions  of  analysis; 
and  this,  by  permitting  indefinite  extension  in  the 
whole  course  of  a  long  calculation  of  the  functions 
which  ought  to  be  limited  by  the  nature  of  the 
problem,  indicates  the  modifications  which  each  term 
of  the  final  result  ought  to  receive  by  virtue  of  these 
limitations.  It  has  already  beer,  seen  that  each 
observation  furnishes  an  equation  of  condition  of  the 
first  degree,  which  may  always  be  disposed  of  in  such 
a  manner  that  all  its  terms  be  in  the  first  member,  the 
second  being  zero.  The  use  of  these  equations  is  one 
of  the  principal  causes  of  the  great  precision  of  our 
astronomical  tables,  because  an  immense  number  of 
excellent  observations  has  thus  been  made  to  concur 
in  determining  their  elements.  When  there  is  only 
one  element  to  be  determined  Cotes  prescribed  that 
the  equations  of  condition  should  be  prepared  in  such 
a  manner  that  the  coefficient  of  the  unknown  element 
be  positive  in  each  of  them ;  and  that  all  these  equa- 
tions should  be  added  in  order  to  form  a  final  equation, 
whence  is  derived  the  value  of  this  element.  The  rule 
of  Cotes  was  followed  by  all  calculators,  but  since  he 
failed  to  determine  several  elements,  there  was  no  fixed 
rule  for  combining  the  equations  of  condition  in  such  a 
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manner  as  to  obtain  the  necessary  final  equations ;  but 
one  chose  for  each  element  the  observations  most  suit- 
able to  determine  it.  It  was  in  order  to  obviate  these 
gropings  that  Legendre  and  Gauss  concluded  to  add 
the  squares  of  the  first  members  of  the  equations  of 
condition,  and  to  render  the  sum  a  minimum,  by  vary- 
ing each  unknown  element;  by  this  means  is  obtained 
directly  as  many  final  equations  as  there  are  elements. 
But  do  the  values  determined  by  these  equations  merit 
the  preference  over  all  those  which  may  be  obtained 
by  other  means  ?  This  question,  the  calculus  of  prob- 
abilities alone  was  able  to  answer.  I  applied  it,  then, 
to  this  subject,  and  obtained  by  a  delicate  analysis  a 
rule  which  includes  the  preceding  method,  and  which 
adds  to  the  advantage  of  giving,  by  a  regular  process, 
the  desired  elements  that  of  obtaining  them  with  the 
greatest  show  of  evidence  from  the  totality  of  observa- 
tions, and  of  determining  the  values  which  leave  only 
the  smallest  possible  errors  to  be  feared. 

However,  we  have  only  an  imperfect  knowledge  of 
the  results  obtained,  as  long  as  the  law  of  the  errors 
of  which  they  are  susceptible  is  unknown;  we  must  be 
able  to  assign  the  probability  that  these  errors  are 
contained  within  given  limits,  which  amounts  to  deter- 
mining that  which  I  have  called  the  weight  of  a  result. 
Analysis  leads  to  general  and  simple  formulas  for  this 
purpose.  I  have  applied  this  analysis  to  the  results  of 
geodetic  observations.  The  general  problem  consists 
in  determining  the  probabilities  that  the  values  of  one 
or  of  several  linear  functions  of  the  errors  of  a  very 
great  number  of  observations  are  contained  within  any 
limits. 
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The  law  of  the  possibility  of  the  errors  of  observa- 
tions introduces  into  the  expressions  of  these  prob- 
abilities a  constant,  whose  value  seems  to  require  the 
knowledge  of  this  law,  which  is  almost  always 
unknown.  Happily  this  constant  can  be  determined 
from  the  observations. 

In  the  investigation  of  astronomical  elements  it  is 
given  by  the  sum  of  the  squares  of  the  differences 
between  each  observation  and  the  calculated  one. 
The  errors  equally  probable  being  proportional  to  the 
square  root  of  this  sum,  one  can,  by  the  comparison  of 
these  squares,  appreciate  the  relative  exactitude  of  the 
different  tables  of  the  same  star.  In  geodetic  opera- 
tions these  squares  are  replaced  by  the  squares  of  the 
errors  of  the  sums  observed  of  the  three  angles  of  each 
triangle.  The  comparison  of  the  squares  of  these 
errors  will  enable  us  to  judge  of  the  relative  precision 
of  the  instruments  with  which  the  angles  have  been 
measured.  By  this  comparison  is  seen  the  advantage 
of  the  repeating  circle  over  the  instruments  which  it 
has  replaced  in  geodesy. 

There  often  exists  in  the  observations  many  sources 
of  errors :  thus  the  positions  of  the  stars  being  deter- 
mined by  means  of  the  meridian  telescope  and  of  the 
circle,  both  susceptible  of  errors  whose  law  of  prob- 
ability ought  not  to  be  supposed  the  same,  the  elements 
that  are  deduced  from  these  positions  are  affected  by 
these  errors.  The  equations  of  condition,  which  are 
made  to  obtain  these  elements,  contain  the  errors  of 
each  instrument  and  they  have  various  coefficients. 
The  most  advantageous  system  of  factors  by  which 
these  equations  ought  to  be  multiplied  respectively,  in 
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order  to  obtain,  by  the  union  of  the  products,  as  many 
final  equations  as  there  are  elements  to  be  determined, 
is  no  longer  that  of  the  coefficients  of  the  elements  in 
each  equation  of  condition.     The  analysis  which  I  have 
used  leads  easily,  whatever  the  number  of  the  sources 
of  error  may  be,  to  the  system  of  factors  which  gives 
the  most  advantageous  results,  or  those  in  which  the 
same  error  is  less  probable  than  in  any  other  system. 
The  same  analysis  determines  the  laws  of  probability 
of  the  errors  of  these  results.     These  formulae  contain 
as  many  unknown   constants  as  there   are  sources   of 
error,  and  they  depend  upon  the  laws  of  probability  of 
these  errors.      It  has  been  seen  that,  in  the  case  of  a 
single    source,    this    constant   can    be  determined    by 
forming  the  sum  of  the  squares  of  the  residuals  of  each 
equation  of  condition,  when  the  values  found  for  these 
elements   have   been   substituted.     A  similar    process 
generally   gives   values   of  these    constants,   whatever 
their  number  may  be,  which  completes  the  application 
of  the  calculus  of  probabilities  to  the  results  of  observa- 
tions. 

I  ought  to  make  here  an  important  remark.  The 
small  uncertainty  that  the  observations,  when  they  are 
not  numerous,  leave  in  regard  to  the  values  of  the 
constants  of  which  I  have  just  spoken,  renders  a  little 
uncertain  the  probabilities  determined  by  analysis. 
But  it  almost  always  suffices  to  know  if  the  probability, 
that  the  errors  of  the  results  obtained  are  comprised 
within  narrow  limits,  approaches  closely  to  unity;  and 
when  it  is  not,  it  suffices  to  know  up  to  what  point  the 
observations  should  be  multiplied,  in  order  to  obtain  a 
probability  such  that  no  reasonable  doubt  remains  in 
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regard  to  the  correctness  of  the  results.  The  analytic 
formulae  of  probabilities  satisfy  perfectly  this  require- 
ment ;  and  in  this  connection  they  may  be  viewed  as 
the  necessary  complement  of  the  sciences,  based  upon 
a  totality  of  observations  susceptible  of  error.  They 
are  likewise  indispensable  in  solving  a  great  number  of 
problems  in  the  natural  and  moral  sciences.  The 
regular  causes  of  phenomena  are  most  frequently  either 
unknown,  or  too  complicated  to  be  submitted  to  cal- 
culus; again,  their  action  is  often  disturbed  by  accidental 
and  irregular  causes ;  but  its  impression  always  remains 
in  the  events  produced  by  all  these  causes,  and  it  leads 
to  modifications  which  only  a  long  series  of  observa- 
tions can  determine.  The  analysis  of  probabilities 
develops  these  modifications ;  it  assigns  the  probability 
of  their  causes  and  it  indicates  the  means  of  continually 
increasing  this  probability.  Thus  in  the  midst  of  the 
irregular  causes  which  disturb  the  atmosphere,  the 
periodic  changes  of  solar  heat,  from  day  to  night,  and 
from  winter  to  summer,  produce  in  the  pressure  of  this 
great  fluid  mass  and  in  the  corresponding  height  of  the 
barometer,  the  diurnal  and  annual  oscillations;  and 
numerous  barometric  observations  have  revealed  the 
former  with  a  probability  at  least  equal  to  that  of  the 
facts  which  we  regard  as  certain.  Thus  it  is  again 
that  the  series  of  historical  events  shows  us  the  con- 
stant action  of  the  great  principles  of  ethics  in  the 
midst  of  the  passions  and  the  various  interests  which 
disturb  societies  in  every  way.  It  is  remarkable  that 
a  science,  which  commenced  with  the  consideration  of 
games  of  chance,  should  be  elevated  to  the  rank  of  the 
most  important  subjects  of  human  knowlegdge. 
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I  have  collected  all  these  methods  in  my  Theorie 
analytique  des  Probabilite's,  in  which  I  have  proposed 
to  expound  in  the  most  general  manner  the  principles 
and  the  analysis  of  the  calculus  of  probabilities,  like- 
wise the  solutions  of  the  most  interesting  and  most 
difficult  problems  which  calculus  presents. 

It  is  seen  in  this  essay  that  the  theory  of  probabilities 
is  at  bottom  only  common  sense  reduced  to  calculus; 
it  makes  us  appreciate  with  exactitude  that  which  exact 
minds  feel  by  a  sort  of  instinct  without  being  able 
ofttimes  to  give  a  reason  for  it.  It  leaves  no  arbitrari- 
ness in  the  choice  of  opinions  and  sides  to  be  taken ; 
and  by  its  use  can  always  be  determined  the  most 
advantageous  choice.  Thereby  it  supplements  most 
happily  the  ignorance  and  the  weakness  of  the  human 
mind.  If  we  consider  the  analytical  methods  to  which 
this  theory  has  given  birth ;  the  truth  of  the  principles 
which  serve  as  a  basis;  the  fine  and  delicate  logic 
which  their  employment  in  the  solution  of  problems 
requires ;  the  establishments  of  public  utility  which  rest 
upon  it ;  the  extension  which  it  has  received  and  which 
it  can  still  receive  by  its  application  to  the  most  impor- 
tant questions  of  natural  philosophy  and  the  moral 
science ;  if  we  consider  again  that,  even  in  the  things 
which  cannot  be  submitted  to  calculus,  it  gives  the 
surest  hints  which  can  guide  us  in  our  judgments,  and 
that  it  teaches  us  to  avoid  the  illusions  which  ofttimes 
confuse  us,  then  we  shall  see  that  there  is  no  science 
more  worthy  of  our  meditations,  and  that  no  more 
useful  one  could  be  incorporated  in  the  system  of  public 
instruction. 
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Covers  theory  of  algebraic  equations,  properties  of  polynomials,  symmetric  functions,  derived 
functions,  Horner's  process,  complex  numbers  and  the  complex  variable,  determinants  and 
methods  of  elimination,  invariant  theory  (nearly  100  pages),  transformations,  introduction  to 
Galois  theory,  Abelian  equations,  and  much  more.  Invaluable  supplementary  work  for  modern 
students  and  teachers.  759  examples  and  exercises.  Index  in  each  volume.  Two  volume  set. 
Total  of  xxiv  +  604pp.  5%  x  8.  S714  Vol  I  Paperbound  $1.85 

S715  Vol  II  Paperbound  $1.85 
The  set  $3.70 

COMPUTATIONAL  METHODS  OF  LINEAR  ALGEBRA,  V.  N.  Faddeeva,  translated  by  C.  0.  Benster. 
First  English  translation  of  a  unique  and  valuable  work,  the  only  work  in  English  present- 
ing a  systematic  exposition  of  the  most  important  methods  of  linear  algebra — classical 
and  contemporary.  Shows  in  detail  how  to  derive  numerical  solutions  of  problems  in  mathe- 
matical physics  which  are  frequently  connected  with  those  of  linear  algebra.  Theory  as  well 
as  individual  practice.  Part  I  surveys  the  mathematical  background  that  is  indispensable 
to  what  follows.  Parts  II  and  III,  the  conclusion,  set  forth  the  most  important  methods 
of  solution,  for  both  exact  and  iterative  groups.  One  of  the  most  outstanding  and  valuable 
features  of  this  work  is  the  23  tables,  double  and  triple  checked  for  accuracy.  These  tables 
will  not  be  found  elsewhere.  Author's  preface.  Translator's  note.  New  bibliography  and 
index,  x  +  252pp.  5%  x  8.  S424  Paperbound  $1.95 

ALGEBRAIC  EQUATIONS,  E.  Dehn.  Careful  and  complete  presentation  of  Galois'  theory  of  alge- 
braic equations;  theories  of  Lagrange  and  Galois  developed  in  logical  rather  than  historical 
form,  with  a  more  thorough  exposition  than  in  most  modern  books.  Many  concrete  applica- 
tions and  fully-worked-out  examples.  Discusses  basic  theory  (very  clear  exposition  of  the 
symmetric  group);  isomorphic,  transitive,  and  Abelian  groups;  applications  of  Lagrange's  and 
Galois'  theories;  and  much  more.  Newly  revised  by  the  author.  Index.  List  of  Theorems. 
xi  +  208pp.  5%  x  8.  S697  Paperbound  $1.45 

THEORY  OF  SETS,  E.  Kamke.  Clearest,  amplest  introduction  in  English,  well  suited  for  inde- 
pendent study.  Subdivision  of  main  theory,  such  as  theory  of  sets  of  points,  are  discussed, 
but  emphasis  is  on  general  theory.  Partial  contents:  rudiments  of  set  theory,  arbitrary  sets 
and  their  cardinal  numbers,  ordered  sets  and  their  order  types,  well-ordered  sets  and  their 
cardinal  numbers.  Bibliography.  Key  to  symbols.   Index,  vii   +   144pp.  5%  x  8. 

S141  Paperbound  $1.35 


Number  theory 

INTRODUCTION  TO  THE  THEORY  OF  NUMBERS,  L.  E.  Dickson.  Thorough,  comprehensive  ap- 
proach with  adequate  coverage  of  classical  literature,  an  introductory  volume  beginners 
can  follow.  Chapters  on  divisibility,  congruences,  quadratic  residues  &  reciprocity,  Diophantine 
equations,  etc.  Full  treatment  of  binary  quadratic  forms  without  usual  restriction  to  integral 
coefficients.  Covers  infinitude  of  primes,  least  residues,  Fermat's  theorem,  Euler's  phi 
function,  Legendre's  symbol,  Gauss's  lemma,  automorphs,  reduced  forms,  recent  theorems 
of  Thue  &  Siegel,  many  more.  Much  material  not  readily  available  elsewhere.  239  prob- 
lems. Index.  I  figure,  viii   +   183pp.  5%  x  8.  S342  Paperbound  $1.65 

ELEMENTS  OF  NUMBER  THEORY,  I.  M.  Vinogradov.  Detailed  1st  course  for  persons  without 
advanced  mathematics;  95%  of  this  book  can  be  understood  by  readers  who  have  gone  no 
farther  than  high  school  algebra.  Partial  contents:  divisibility  theory,  important  number 
theoretical  functions,  congruences,  primitive  roots  and  indices,  etc.  Solutions  to  both 
problems  and  exercises.  Tables  of  primes,  indices,  etc.  Covers  almost  every  essential  formula 
in  elementary  number  theory!  Translated  from  Russian.  233  problems,  104  exercises,  viii  + 
227pp.  5%  x  8.  S259   Paperbound  $1.60 

THEORY  OF  NUMBERS  and  DIOPHANTINE  ANALYSIS,  R.  D.  Carmichael.  These  two  complete 
works  in  one  volume  form  one  of  the  most  lucid  introductions  to  number  theory,  requiring  only 
a  firm  foundation  in  high  school  mathematics.  "Theory  of  Numbers,"  partial  contents: 
Eratosthenes'  sieve,  Euclid's  fundamental  theorem,  G.C.F.  and  L.C.M.  of  two  or  more  integers, 
linear  congruences,  etc  "Diophantine  Analysis":  rational  triangles,  Pythagorean  triangles, 
equations  of  third,  fourth,  higher  degrees,  method  of  functional  equations,  much  more.  "Theory 
of  Numbers":  76  problems.  Index.  94pp.  "Diophantine  Analysis":  222  problems.  Index'.  118pp. 
5%  x  8  S529  Paperbound  $1.35 


CONTRIBUTIONS  TO  THE  FOUNDING  OF  THE  THEORY  OF  TRANSFINITE  NUMBERS,  Georg  Cantor. 
These  papers  founded  a  new  branch  of  mathematics.  The  famous  articles  of  1895-7  are 
translated,  with  an  82-page  introduction  by  P.  E.  B.  Jourdain  dealing  with  Cantor,  the  back- 
ground of  his  discoveries,  their  results,  future  possibilities.  Bibliography.  Index.  Notes, 
ix  +  211  pp.  5%  x  8.  S45  Paperbound  $1.25 

See  also:  TRANSCENDENTAL  AND  ALGEBRAIC  NUMBERS,  A.  0.  Gelfond. 


Probability  theory  and  information  theory 


A  PHILOSOPHICAL  ESSAY  ON  PROBABILITIES,  Marquis  de  Laplace.  This  famous  essay  explains 
without  recourse  to  mathematics  the  principle  of  probability,  and  the  application  of  prob- 
ability to  games  of  chance,  natural  philosophy,  astronomy,  many  other  fields.  Translated 
from  the  6th  French  edition  by  F.  W.  Truscott,  F.  L.  Emory,  with  new  introduction  for  this 
edition  by  E.  T.  Bell.  204pp.  5%  x  8.  S166  Paperbound  $1.35 

MATHEMATICAL  FOUNDATIONS  OF  INFORMATION  THEORY,  A.  I.  Khinchin.  For  the  first  time 
mathematicians,  statisticians,  physicists,  cyberneticists,  and  communications  engineers  are 
offered  a  complete  and  exact  introduction  to  this  relatively  new  field.  Entropy  as  a  measure  of 
a  finite  scheme,  applications  to  coding  theory,  study  of  sources,  channels  and  codes, 
detailed  proofs  of  both  Shannon  theorems  for  any  ergodic  source  and  any  stationary  channel 
with  finite  memory,  and  much  more  are  covered.  Bibliography,  vii  +  120pp.  5%  x  8. 

S434  Paperbound  $1.35 

SELECTED  PAPERS  ON  NOISE  AND  STOCHASTIC  PROCESS,  edited  by  Prof.  Nelson  Wax,  U.  of 

Illinois.  6  basic  papers  for  newcomers  in  the  field,  for  those  whose  work  involves  noise 
characteristics.  Chandrasekhar,  Uhlenbeck  &  Ornstein,  Uhlenbeck  &  Ming,  Rice,  Doob.  In- 
cluded is  Kac's  Chauvenet-Prize  winning  Random  Walk.  Extensive  bibliography  lists  200 
articles,  up  through  1953.  21  figures.  337pp.  6Vs  x  9 1/4.  S262  Paperbound  $2.35 

THEORY  OF  PROBABILITY,  William  Burnside.  Synthesis,  expansion  of  individual  papers  pre- 
sents numerous  problems  in  classical  probability,  offering  many  original  views  succinctly, 
effectively.  Game  theory,  cards,  selections  from  groups;  geometrical  probability  in  such 
areas  as  suppositions  as  to  probability  of  position  of  point  on  a  line,  points  on  surface 
of  sphere,  etc.  Includes  methods  of  approximation,  theory  of  errors,  direct  calculation  of 
probabilities,  etc.  Index.  136pp.  5%  x  8.  S567  Paperbound  $1.00 


Vector  and  tensor  analysis,  matrix  theory 


VECTOR  AND  TENSOR  ANALYSIS,  A.  P.  Wills.  Covers  the  entire  field  of  vector  and  tensor 
analysis  from  elementary  notions  to  dyads  and  non-Euclidean  manifolds  (especially  detailed), 
absolute  differentiation,  the  Lame  operator,  the  Riemann-Christoffel  and  Ricci-Einstein 
tensors,  and  the  calculation  of  the  Gaussian  curvature  of  a  surface.  Many  illustrations  from 
electrical  engineering,  relativity  theory,  astro-physics,  quantum  mechanics.  Presupposes  only 
a  good  working  knowledge  of  calculus.  Exercises  at  end  of  each  chapter.  Intended  for 
physicists  and  engineers  as  well  as  pure  mathematicians.  44  diagrams.  114  problems. 
Bibliography.   Index,  xxxii    +   285pp.  5%  x  8.  S454  Paperbound  $1.75 

APPLICATIONS  OF  TENSOR  ANALYSIS,  A.  J.  McConnell.  (Formerly  APPLICATIONS  OF  THE 
ABSOLUTE  DIFFERENTIAL  CALCULUS.)  An  excellent  text  for  understanding  the  application 
of  tensor  methods  to  familiar  subjects  such  as  dynamics,  electricity,  elasticity,  and  hydro- 
dynamics. Explains  the  fundamental  ideas  and  notation  of  tensor  theory,  the  geometrical 
treatment  of  tensor  algebra,  the  theory  of  differentiation  of  tensors,  and  includes  a  wealth 
of  practical  material.  Bibliography.  Index.  43  illustrations.  685  problems,  xii  +  381pp. 
5%  x  8.  S373  Paperbound  $1.85 

VECTOR  AND  TENSOR  ANALYSIS,  G.  E.  Hay.  One  of  the  clearest  introductions  to  this  increas- 
ingly important  subject.  Start  with  simple  definitions,  finish  the  book  with  a  sure  mastery 
of  oriented  Cartesian  vectors,  Christoffel  symbols,  solenoidal  tensors,  and  their  applica- 
tions. Complete  breakdown  of  plane,  solid,  analytical,  differential  geometry.  Separate  chap- 
ters on  application.  All  fundamental  formulae  listed  &  demonstrated.  195  problems,  66 
figures,  viii   +   193pp.  5¥b  x  8.  S109  Paperbound  $1.75 

VECTOR  ANALYSIS,  FOUNDED   UPON  THE   LECTURES   OF  J.  WILLARD   GIBBS,   by   E.   B.   Wilson. 

Still  a  first-rate  introduction  and  supplementary  text  for  students  of  mathematics  and 
physics.  Based  on  the  pioneering  lectures  of  Yale's  great  J.  Willard  Gibbs,  can  be  followed 
by  anyone  who  has  had  some  calculus.  Practical  approach,  stressing  efficient  use  of  combi- 
nations and  functions  of  vectors.  Worked  examples  from  geometry,  mechanics,  hydrodynam- 
ics, gas  theory,  etc.,  as  well  as  practice  examples.  Covers  basic  vector  processes,  differential 
and  integral  calculus  in  relation  to  vector  functions,  and  theory  of  linear  vector  functions, 
forming  an  introduction  to  the  study  of  multiple  algebra  and  matrix  theory.  While  the  nota- 
tion is  not  always  modern,  it  is  easily  followed,  xviii   +  436pp.  5%  x  8. 

S656  Paperbound  $2.00 


PROBLEMS  AND  WORKED  SOLUTIONS  IN  VECTOR  ANALYSIS,  L.  R.  Shorter.  More  pages  of  fully- 
worked-out  examples  than  any  other  text  on  vector  analysis.  A  self-contained  course  for  home 
study  or  a  fine  classroom  supplement.  138  problems  and  examples  begin  with  fundamentals, 
then  cover  systems  of  coordinates,  relative  velocity  and  acceleration,  the  commutative  and 
distributive  laws,  axial  and  polar  vectors,  finite  displacements,  the  calculus  of  vectors,  curl 
and  divergence,  etc.  Final  chapter  treats  applications  in  dynamics  and  physics:  kinematics 
of  a  rigid  body,  equipotential  surfaces,  etc.  "Very  helpful  .  .  .  very  comprehensive.  A  handy 
book  like  this  .  .  .  will  fill  a  great  want,"  MATHEMATICAL  GAZETTE.  Index.  List  of  174 
important  equations.   158  figures,  xiv   +   356pp.  5%  x  8.  S135  Paperbound  $2.00 

THE  THEORY  OF  DETERMINANTS,  MATRICES,  AND  INVARIANTS,  H.  W.  Turnbull.  3rd  revised,  cor- 
rected edition  of  this  important  study  of  virtually  all  the  salient  features  and  major  theories 
of  the  subject.  Covers  Laplace  identities,  linear  equations,  differentiation,  symbolic  and  direct 
methods  for  the  reduction  of  invariants,  seminvariants,  Hilbert's  Basis  Theorem,  Clebsch's 
Theorem,  canonical  forms,  etc.  New  appendix  contains  a  proof  of  Jacobi's  lemma,  further 
properties  of  symmetric  determinants,  etc.  More  than  350  problems.  New  references  to  recent 
developments,  xviii  +  374pp.  5%  x  8.  S699  Paperbound  $2.00 


Differential  equations,  ordinary  and  partial,  and  integral  equations 

INTRODUCTION  TO  THE  DIFFERENTIAL  EQUATIONS  OF  PHYSICS,  L.  Hopf.  Especially  valuable 
to  the  engineer  with  no  math  beyond  elementary  calculus.  Emphasizing  intuitive  rather  than 
formal  aspects  of  concepts,  the  author  covers  an  extensive  territory.  Partial  contents:  Law 
of  causality,  energy  theorem,  damped  oscillations,  coupling  by  friction,  cylindrical  and 
spherical   coordinates,  heat  source,  etc.   Index.  48  figures.  160pp.  5%  x  8. 

S120  Paperbound  $1.25 

INTRODUCTION  TO  THE  THEORY  OF  LINEAR  DIFFERENTIAL  EQUATIONS,  E.  G.  Poole.  Authorita- 
tive discussions  of  important  topics,  with  methods  of  solution  more  detailed  than  usual,  for 
students  with  background  of  elementary  course  in  differential  equations.  Studies  existence 
theorems,  linearly  independent  solutions;  equations  with  constant  coefficients;  with  uniform 
analytic  coefficients;  regular  singularities;  the  hypergeometric  equation;  conformal  repre- 
sentation; etc.  Exercises.  Index.  210pp.  5%  x  8.  S629  Paperbound  $1.65 

DIFFERENTIAL  EQUATIONS  FOR  ENGINEERS,  P.  Franklin.  Outgrowth  of  a  course  given  10 
years  at  M.  I.  T.  Makes  most  useful  branch  of  pure  math  accessible  for  practical  work. 
Theoretical  basis  of  D.E.'s;  solution  of  ordinary  D.E.'s  and  partial  derivatives  arising  from 
heat  flow,  steady-state  temperature  of  a  plate,  wave  equations;  analytic  functions;  con- 
vergence of  Fourier  Series.  400  problems  on  electricity,  vibratory  systems,  other  topics. 
Formerly  "Differential   Equations  for  Electrical   Engineers."    Index.  41   illus.  307pp.  5%  x  8. 

S601  Paperbound  $1.65 

DIFFERENTIAL  EQUATIONS,  F.  R.  Moulton.  A  detailed,  rigorous  exposition  of  all  the  non- 
elementary  processes  of  solving  ordinary  differential  equations.  Several  chapters  devoted  to 
the  treatment  of  practical  problems,  especially  those  of  a  physical  nature,  which  are  far 
more  advanced  than  problems  usually  given  as  illustrations.  Includes  analytic  differential 
equations;  variations  of  a  parameter;  integrals  of  differential  equations;  analytic  implicit 
functions;  problems  of  elliptic  motion;  sine-amplitude  functions;  deviation  of  formal  bodies; 
Cauchy-Lipschitz  process;  linear  differential  equations  with  periodic  coefficients;  differential 
equations  in  infinitely  many  variations;  much  more.  Historical  notes.  10  figures.  222  prob- 
lems. Index,  xv  +  395pp.  5%  x  8.  S"451  Paperbound  $2.00 

LECTURES  ON  CAUCHY'S  PROBLEM,  J.  Hadamard.  Based  on  lectures  given  at  Columbia,  Rome, 
this  discusses  work  of  Riemann,  Kirchhoff,  Volterra,  and  the  author's  own  research  on  the 
hyperbolic  case  in  linear  partial  differential  equations.  It  extends  spherical  and  cylindrical 
waves  to  apply  to  all  (normal)  hyperbolic  equations.  Partial  contents:  Cauchy's  problem, 
fundamental  formula,  equations  with  odd  number,  with  even  number  of  independent  var- 
iables; method  of  descent.  32  figures.  Index,  iii  +  316pp.  5%  x  8.         S105  Paperbound  $1.75 

PARTIAL  DIFFERENTIAL  EQUATIONS  OF  MATHEMATICAL  PHYSICS,  A.  G.  Webster.  A  keystone 
work  in  the  library  of  every  mature  physicist,  engineer,  researcher.  Valuable  sections  on 
elasticity,  compression  theory,  potential  theory,  theory  of  sound,  heat  conduction,  wave 
propagation,  vibration  theory.  Contents  include:  deduction  of  differential  equations,  vibra- 
tions, normal  functions,  Fourier's  series,  Cauchy's  method,  boundary  problems,  method  of 
Riemann-Volterra.  Spherical,  cylindrical,  ellipsoidal  harmonics,  applications,  etc.  97  figures, 
vii  +  440pp.  53/8  x  8.  S263  Paperbound  $2.00 

ORDINARY  DIFFERENTIAL  EQUATIONS,  E.  L.  Ince.  A  most  compendious  analysis  in  real  and 
complex  domains.  Existence  and  nature  of  solutions,  continuous  transformation  groups,  solu- 
tions in  an  infinite  form,  definite  integrals,  algebraic  theory,  Sturmian  theory,  boundary  prob- 
lems, existence  theorems,  1st  order,  higher  order,  etc.  "Deserves  the  highest  praise,  a  notable 
addition  to  mathematical  literature,"  BULLETIN,  AM.  MATH.  SOC.  Historical  appendix.  Bib- 
liography. 18  figures,  viii   +  558pp.  53/s  X  8.  S349  Paperbound  $2.55 


THEORY  OF  DIFFERENTIAL  EQUATIONS,  A.  R.  Forsyth.  Out  of  print  for  over  a  decade,  the 
complete  6  volumes  (now  bound  as  3)  of  this  monumental  work  represent  the  most  com- 
prehensive treatment  of  differential  equations  ever  written.  Historical  presentation  includes 
in  2500  pages  every  substantial  development.  Vol.  1,  2:  EXACT  EQUATIONS,  PFAFF'S 
PROBLEM;  ORDINARY  EQUATIONS,  NOT  LINEAR:  methods  of  Grassmann,  Clebsch,  Lie,  Dar- 
boux;  Cauchy's  theorem;  branch  points;  etc.  Vol.  3,  4:  ORDINARY  EQUATIONS,  NOT  LINEAR 
ORDINARY  LINEAR  EQUATIONS:  Zeta  Fuchsian  functions,  general  theorems  on  algebraic 
integrals,  Brun's  theorem,  equations  with  uniform  periodic  coffiecients,  etc.  Vol.  4,  5 
PARTIAL  DIFFERENTIAL  EQUATIONS:  2  existence-theorems,  equations  of  theoretical  dynamics 
Laplace  transformations,  general  transformation  of  equations  of  the  2nd  order,  much  more 
Indexes.  Total  of  2766pp.  53/s  x  8.  S576-7-8  Clothbound:   the  set  $15.00 

DIFFERENTIAL  AND  INTEGRAL  EQUATIONS  OF  MECHANICS  AND  PHYSICS  (DIE  DIFFERENTIAL- 
UND  INTEGRALGLEICHUNGEN  DER  MECHANIK  UNO  PHYSIK),  edited  by  P.  Frank  and  R.  von 
Mises.  Most  comprehensive  and  authoritative  work  on  the  mathematics  of  mathematical 
physics  available  today  in  the  United  States:  the  standard,  definitive  reference  for  teachers, 
physicists,  engineers,  and  mathematicians — now  published  (in  the  original  German)  at  a  rela- 
tively inexpensive  price  for  the  first  time!  Every  chapter  in  this  2,000-page  set  is  by  an 
expert  in  his  field:  Caratheodory,  Courant,  Frank,  Mises,  and  a  dozen  others.  Vol.  I,  on 
mathematics,  gives  concise  but  complete  coverages  of  advanced  calculus,  differential  equa- 
tions, integral  equations,  and  potential,  and  partial  differential  equations.  Index,  xxiii  + 
916pp.  Vol.  II  (physics):  classical  mechanics,  optics,  continuous  mechanics,  heat  conduction 
and  diffusion,  the  stationary  and  quasi-stationary  electromagnetic  field,  electromagnetic 
oscillations,  and  wave  mechanics.  Index,  xxiv  +  1106pp.  Two  volume  set.  Each  volume  avail- 
able separately.  SVs  x  83/8.  S787  Vol  I  Clothbound  $7.50 

S788  Vol   II  Clothbound  $7.50 
The  set  $15.00 

MATHEMATICAL  ANALYSIS  OF  ELECTRICAL  AND  OPTICAL  WAVE-MOTION,  Harry  Bateman.  Written 
by  one  of  this  century's  most  distinguished  mathematical  physicists,  this  is  a  practical 
introduction  to  those  developments  of  Maxwell's  electromagnetic  theory  which  are  directly 
connected  with  the  solution  of  the  partial  differential  equation  of  wave  motion.  Methods  of 
solving  wave-equation,  polar-cylindrical  coordinates,  diffraction,  transformation  of  coordinates, 
homogeneous  solutions,  electromagnetic  fields  with  moving  singularities,  etc.  Index.  168pp. 
53/a  x  8.  S14  Paperbound  $1.60 

See  also:  THE  ANALYTICAL  THEORY  OF  HEAT,  J.  Fourier;  INTRODUCTION  TO  BESSEL  FUNC- 
TIONS, F.  Bowman. 


Statistics 

ELEMENTARY  STATISTICS,  WITH  APPLICATIONS  IN  MEDICINE  AND  THE  BIOLOGICAL  SCIENCES, 
F.  E.  Croxton.  A  sound  introduction  to  statistics  for  anyone  in  the  physical  sciences,  assum- 
ing no  prior  acquaintance  and  requiring  only  a  modest  knowledge  of  math.  All  basic 
formulas  carefully  explained  and  illustrated;  all  necessary  reference  tables  included.  From 
basic  terms  and  concepts,  the  study  proceeds  to  frequency  distribution,  linear,  non-linear, 
and  multiple  correlation,  skewness,  kurtosis,  etc.  A  large  section  deals  with  reliability 
and  significance  of  statistical  methods.  Containing  concrete  examples  from  medicine  and 
biology,  this  book  will  prove  unusually  helpful  to  workers  in  those  fields  who  increasingly 
must  evaluate,  check,  and  interpret  statistics.  Formerly  titled  "Elementary  Statistics  with 
Applications  in  Medicine."  101  charts.  57  tables.  14  appendices.  Index,  iv  +  376pp.  53/b  x  8. 

S506  Paperbound  $1.95 

METHODS  OF  STATISTICS,  L.  H.  C.  Tippett.  A  classic  in  its  field,  this  unusually  complete  sys- 
tematic introduction  to  statistical  methods  begins  at  beginner's  level  and  progresses  to 
advanced  levels  for  experimenters  and  poll-takers  in  all  fields  of  statistical  research.  Sup- 
plies fundamental  knowledge  of  virtually  all  elementary  methods  in  use  today  by  sociologists, 
psychologists,  biologists,  engineers,  mathematicians,  etc.  Explains  logical  and  mathematical 
basis  of  each  method  described,  with  examples  for  each  section.  Covers  frequency  distribu- 
tions and  measures,  inference  from  random  samples,  errors  in  large  samples,  simple  analysis 
of  variance,  multiple  and  partial  regression  and  correlation,  etc.  4th  revised  (1952)  edition. 
16  charts.  5  significance  tables.  152-item  bibliography.  96  tables.  22  figures.  395pp.  6x9. 

S228  Clothbound  $7.50 

STATISTICS  MANUAL,  E.  L.  Crow,  F.  A.  Davis,  M.  W.  Maxfield.  Comprehensive  collection  of 
classical,  modern  statistics  methods,  prepared  under  auspices  of  U.  S.  Naval  Ordnance 
Test  Station,  China  Lake,  Calif.  Many  examples  from  ordnance  will  be  valuable  to  workers  in 
all  fields.  Emphasis  is  on  use,  with  information  on  fiducial  limits,  sign  tests,  Chi-square 
runs,  sensitivity,  quality  control,  much  more.  "Well  written  .  .  .  excellent  reference  work," 
Operations  Research.  Corrected  edition  of  NAVORD  Report  3360  NOTS  948.  Introduction. 
Appendix  of  32  tables,  charts.   Index.  Bibliography.  95  illustrations.  306pp.  5%  x  8. 

S599  Paperbound  $1.55 


ANALYSIS  &  DESIGN  OF  EXPERIMENTS,  H.  B.  Mann.  Offers  a  method  for  grasping  the  analysis 
of  variance  and  variance  design  within  a  short  time.  Partial  contents:  Chi-square  distribution 
and  analysis  of  variance  distribution,  matrices,  quadratic  forms,  likelihood  ration  tests  and 
tests  of  linear  hypotheses,  power  of  analysis,  Galois  fields,  non-orthogonal  data,  interblock 
estimates,  etc.  15pp.  of  useful  tables,  x  +  195pp.  5  x  7%.  S180  Paperbound  $1.45 


Numerical  analysis,  tables 


PRACTICAL  ANALYSIS,  GRAPHICAL  AND  NUMERICAL  METHODS,  F.  A.  Willers.  Translated  by 
R.  T.  Beyer.  Immensely  practical  handbook  for  engineers,  showing  how  to  interpolate,  use 
various  methods  of  numerical  differentiation  and  integration,  determine  the  roots  of  a  single 
algebraic  equation,  system  of  linear  equations,  Use  empirical  formulas,  integrate  differential 
equations,  etc.  Hundreds  of  shortcuts  for  arriving  at  numerical  solutions.  Special  section  on 
American  calculating  machines,  by  T.  W.  Simpson.  132  illustrations.  422pp.  5%  x  8. 

S273  Paperbound  $2.00 

NUMERICAL  SOLUTIONS  OF  DIFFERENTIAL  EQUATIONS,  H.  Levy  &  E.  A.  Baggott.  Comprehensive 
collection  of  methods  for  solving  ordinary  differential  equations  of  first  and  higher  order. 
All  must  pass  2  requirements:  easy  to  grasp  and  practical,  more  rapid  than  school  methods. 
Partial  contents:  graphical  integration  of  differential  equations,  graphical  methods  for  de- 
tailed solution.  Numerical  solution.  Simultaneous  equations  and  equations  of  2nd  and  higher 
orders.  "Should  be  in  the  hands  of  all  in  research  in  applied  mathematics,  teaching," 
NATURE.  21  figures,  viii  +  238pp.  5VB  x  8.  S168  Paperbound  $1.75 

NUMERICAL  INTEGRATION  OF  DIFFERENTIAL  EQUATIONS,  Bennett,  Milne  &  Bateman.  Un- 
abridged republication  of  original  monograph  prepared  for  National  Research  Council.  New 
methods  of  integration  of  differential  equations  developed  by  3  leading  mathematicians:  THE 
INTERPOLATIONAL  POLYNOMIAL  and  SUCCESSIVE  APPROXIMATIONS  by  A.  A.  Bennett;  STEP-BY- 
STEP  METHODS  OF  INTEGRATION  by  W.  W.  Milne;  METHODS  FOR  PARTIAL  DIFFERENTIAL 
EQUATIONS  by  H.  Bateman.  Methods  for  partial  differential  equations,  transition  from  differ- 
ence equations  to  differential  equations,  solution  of  differential  equations  to  non-integral 
values  of  a  parameter  will  interest  mathematicians  and  physicists.  288  footnotes,  mostly 
bibliographic;  235-item  classified  bibliography.   108pp.  5%  x  8.  S305  Paperbound  $1.35 

INTRODUCTION  TO  RELAXATION  METHODS,  F.  S.  Shaw.  Fluid  mechanics,  design  of  electrical 
networks,  forces  in  structural  frameworks,  stress  distribution,  buckling,  etc.  Solve  linear 
simultaneous  equations,  linear  ordinary  differential  equations,  partial  differential  equations, 
Eigen-value  problems  by  relaxation  methods.  Detailed  examples  throughout.  Special  tables 
for  dealing  with  awkwardly-shaped  boundaries.  Indexes.  253  diagrams.  72  tables.  400pp. 
53/s  x  8.  S244  Paperbound  $2.45 

TABLES  OF  INDEFINITE  INTEGRALS,  G.  Petit  Bois.  Comprehensive  and  accurate,  this  orderly 
grouping  of  over  2500  of  the  most  useful  indefinite  integrals  will  save  you  hours  of  laborious 
mathematical  groundwork.  After  a  list  of  49  common  transformations  of  integral  expressions, 
with  a  wide  variety  of  examples,  the  book  takes  up  algebraic  functions,  irrational  monomials, 
products  and  quotients  of  binomials,  transcendental  functions,  natural  logs,  etc.  You  will 
rarely  or  never  encounter  an  integral  of  an  algebraic  or  transcendental  function  not  included 
here;  any  more  comprehensive  set  of  tables  costs  at  least  $12  or  $15.  Index.  2544  integrals. 
xii  +  154pp.  6Vs  x  9V4.  S225  Paperbound  $1.65 

A  TABLE  OF  THE  INCOMPLETE  ELLIPTIC   INTEGRAL  OF  THE  THIRD  KIND,  R.  G.  Selfridge,  J.  E. 

Maxfield.  The  first  complete  6  place  tables  of  values  of  the  incomplete  integral  of  the  third 
kind,  prepared  under  the  auspices  of  the  Research  Department  of  the  U.S.  Naval  Ordnance 
Test  Station.  Calculated  on  an  IBM  type  704  calculator  and  thoroughly  verified  by  echo- 
checking  and  a  check  integral  at  the  completion  of  each  value  of  a.  Of  inestimable  value 
in  problems  where  the  surface  area  of  geometrical  bodies  can  only  be  expressed  in  terms 
of  the  incomplete  integral  of  the  third  and  lower  kinds;  problems  in  aero-,  fluid-,  and 
thermodynamics  involving  processes  where  nonsymmetrical  repetitive  volumes  must  be 
determined;  various  types  of  seismological  problems;  problems  of  magnetic  potentials  due  to 
circular  current;  etc.  Foreword.  Acknowledgment.  Introduction.  Use  of  table,  xiv  +  805pp. 
5%  x  83/a.  S501  Clothbound  $7.50 

MATHEMATICAL  TABLES,  H.  B.  Dwight.  Unique  for  its  coverage  in  one  volume  of  almost  every 
function  of  importance  in  applied  mathematics,  engineering,  and  the  physical  sciences. 
Three  extremely  fine  tables  of  the  three  trig  functions  and  their  inverse  functions  to 
thousandths  of  radians;  natural  and  common  logarithms;  squares,  cubes;  hyperbolic  functions 
and  the  inverse  hyperbolic  functions;  (a2  +  b2)  exp.  Via;  complete  elliptic  integrals  of  the 
1st  and  2nd  kind;  sine  and  cosine  integrals;  exponential  integrals  Ei(x)  and  Ei(  —  x);  binomial 
coefficients;  factorials  to  250;  surface  zonal  harmonics  and  first  derivatives;  Bernoulli  and 
Euler  numbers  and  their  logs  to  base  of  10;  Gamma  function;  normal  probability  integral; 
over  60  pages  of  Bessel  functions;  the  Riemann  Zeta  function.  Each  table  with  formulae 
generally  used,  sources  of  more  extensive  tables,  interpolation  data,  etc.  Over  half  have 
columns  of  differences,  to  facilitate  interpolation.  Introduction.  Index,  viii  +  231pp.  5%  x  8. 

S445  Paperbound  $1.75 


TABLES  OF  FUNCTIONS  WITH  FORMULAE  AND  CURVES,  E.  Jahnke  &  F.  Emde.  The  world's  most 
comprehensive  1-volume  English-text  collection  of  tables,  formulae,  curves  of  transcendent 
functions.  4th  corrected  edition,  new  76-page  section  giving  tables,  formulae  for  elementary 
functions — not  in  other  English  editions.  Partial  contents:  sine,  cosine,  logarithmic  integral; 
factorial  function;  error  integral;  theta  functions;  elliptic  integrals,  functions;  Legendre, 
Bessel,  Riemann,  Mathieu,  hypergeometric  functions,  etc.  Supplementary  books.  Bibliography. 
Indexed.  "Out  of  the  way  functions  for  which  we  know  no  other  source,"  SCIENTIFIC  COM- 
PUTING SERVICE,  Ltd.  212  figures.  400pp.  5%  x  8.  S133  Paperbound  $2.00 

JACOBIAN  ELLIPTIC  FUNCTION  TABLES,  L.  M.  Milne-Thomson.  An  aasy  to  follow,  practical 
book  which  gives  not  only  useful  numerical  tables,  but  also  a  complete  elementary  sketch 
of  the  application  of  elliptic  functions.  It  covers  Jacobian  elliptic  functions  and  a  description 
of  their  principal  properties;  complete  elliptic  integrals;  Fourier  series  and  power  series 
expansions;  periods,  zeros,  poles,  residues,  formulas  for  special  values  of  the  argument; 
transformations,  approximations,  elliptic  integrals,  conformal  mapping,  factorization  of  cubic 
and  quartic  polynomials;  application  to  the  pendulum  problem;  etc.  Tables  and  graphs  form 
the  body  of  the  book:  Graph,  5  figure  table  of  the  elliptic  function  sn  (u  m);  en  (u  m); 
dn  (u  m).  8  figure  table  of  complete  elliptic  integrals  K,  K',  E,  E',  and  the  nome  q.  7  figure 
table  of  the  Jacobian  zeta-function  Z(u).  3  figures,  xi  +  123pp.  5%  x  8. 

S194   Paperbound  $1.35 


PHYSICS 
General  physics 

FOUNDATIONS  OF  PHYSICS,  R.  B.  Lindsay  &  H.  Margenau.  Excellent  bridge  between  semi- 
popular  works  &  technical  treatises.  A  discussion  of  methods  of  physical  description,  con- 
struction of  theory;  valuable  for  physicist  with  elementary  calculus  who  is  interested  in 
ideas  that  give  meaning  to  data,  tools  of  modern  physics.  Contents  include  symbolism,  math- 
ematical equations;  space  &  time  foundations  of  mechanics;  probability;  physics  &  con- 
tinua;  electron  theory;  special  &  general  relativity;  quantum  mechanics;  causality.  "Thor- 
ough and  yet  not  overdetailed.  Unreservedly  recommended,"  NATURE  (London).  Unabridged, 
corrected  edition.   List  of  recommended  readings.  35   illustrations,   xi    +   537pp.   5%  x  8. 

S377  Paperbound  $2.45 

FUNDAMENTAL  FORMULAS  OF  PHYSICS,  ed.  by  D.  H.  Menzel.  Highly  useful,  fully  inexpensive 
reference  and  study  text,  ranging  from  simple  to  highly  sophisticated  operations.  Mathematics 
integrated  into  text — each  chapter  stands  as  short  textbook  of  field  represented.  Vol.  1: 
Statistics,  Physical  Constants,  Special  Theory  of  Relativity,  Hydrodynamics,  Aerodynamics, 
Boundary  Value  Problems  in  Math.  Physics;  Viscosity,  Electromagnetic  Theory,  etc.  Vol.  2: 
Sound,  Acoustics,  Geometrical  Optics,  Electron  Optics,  High-Energy  Phenomena,  Magnetism, 
Biophysics,  much  more.  Index.  Total  of  800pp.  5%  x  8.  Vol.  1  S595  Paperbound  $2.00 

Vol.  2  S596  Paperbound  $2.00 

MATHEMATICAL  PHYSICS,  D.  H.  Menzel.  Thorough  one-volume  treatment  of  the  mathematical 
techniques  vital  for  classic  mechanics,  electromagnetic  theory,  quantum  theory,  and  rela- 
tivity. Written  by  the  Harvard  Professor  of  Astrophysics  for  junior,  senior,  and  graduate 
courses,  it  gives  clear  explanations  of  all  those  aspects  of  function  theory,  vectors,  matrices, 
dyadics,  tensors,  partial  differential  equations,  etc.,  necessary  for  the  understanding  of  the 
various  physical  theories.  Electron  theory,  relativity,  and  other  topics  seldom  presented 
appear  here  in  considerable  detail.  Scores  of  definitions,  conversion  factors,  dimensional 
constants,  etc.  "More  detailed  than  normal  for  an  advanced  text  .  .  .  excellent  set  of  sec- 
tions on  Dyadics,  Matrices,  and  Tensors,"  JOURNAL  OF  THE  FRANKLIN  INSTITUTE.  Index. 
193  problems,  with  answers,  x  +  412pp.  5%  x  8.  S56  Paperbound  $2.00 

THE  SCIENTIFIC  PAPERS  OF  J.  WILLARD  GIBBS.  All  the  published  papers  of  America's  outstand- 
ing theoretical  scientist  (except  for  "Statistical  Mechanics"  and  "Vector  Analysis").  Vol  I 
(thermodynamics)  contains  one  of  the  most  brilliant  of  all  19th-century  scientific  papers — the 
300-page  "On  the  Equilibrium  of  Heterogeneous  Substances,"  which  founded  the  science  of 
physical  chemistry,  and  clearly  stated  a  number  of  highly  important  natural  laws  for  the  first 
time;  8  other  papers  complete  the  first  volume.  Vol  II  includes  2  papers  on  dynamics,  8  on 
vector  analysis  and  multiple  algebra,  5  on  the  electromagnetic  theory  of  light,  and  6  miscella- 
neous papers.  Biographical  sketch  by  H.  A.  Bumstead.  Total  of  xxxvi  +  718pp.  5%  x  8%. 

S721  Vol  I  Paperbound  $2.00 

S722  Vol  II  Paperbound  $2.00 

The  set  $4.00 


CHEMISTRY  AND  PHYSICAL  CHEMISTRY 


ORGANIC  CHEMISTRY,  F.  C.  Whitmore.  The  entire  subject  of  organic  chemistry  for  the  practic- 
ing chemist  and  the  advanced  student.  Storehouse  of  facts,  theories,  processes  found  else- 
where only  in  specialized  journals.  Covers  aliphatic  compounds  (500  pages  on  the  properties 
and  synthetic  preparation  of  hydrocarbons,  halides,  proteins,  ketones,  etc.),  alicyclic  com- 
pounds, aromatic  compounds,  heterocyclic  compounds,  organophosphorus  and  organometallic 
compounds.  Methods  of  synthetic  preparation  analyzed  critically  throughout.  Includes  much  of 
biochemical  interest.  "The  scope  of  this  volume  is  astonishing,"  INDUSTRIAL  AND  ENGINEER- 
ING CHEMISTRY.  12,000-reference  index.  2387-item  bibliography.  Total  of  x  +  1005pp.  53/8  x  8. 
Two  volume  set.  S700  Vol  I  Paperbound  $2.00 

S701  Vol  II  Paperbound  $2.00 
The  set  $4.00 

THE  PRINCIPLES  OF  ELECTROCHEMISTRY,  0.  A.  Maclnnes.  Basic  equations  for  almost  every 
subfield  of  electrochemistry  from  first  principles,  referring  at  all  times  to  the  soundest  and 
most  recent  theories  and  results;  unusually  useful  as  text  or  as  reference.  Covers  coulometers 
and  Faraday's  Law,  electrolytic  conductance,  the  Debye-Hueckel  method  for  the  theoretical 
calculation  of  activity  coefficients,  concentration  cells,  standard  electrode  potentials,  thermo- 
dynamic ionization  constants,  pH,  potentiometric  titrations,  irreversible  phenomena,  Planck's 
equation,  and  much  more.  "Excellent  treatise,"  AMERICAN  CHEMICAL  SOCIETY  JOURNAL. 
"Highly  recommended,"  CHEMICAL  AND  METALLURGICAL  ENGINEERING.  2  Indices.  Appendix. 
585-item  bibliography.  137  figures.  94  tables,  ii  +  478pp.  5%  x  8%. 

S52  Paperbound  $2.35 

THE  CHEMISTRY  OF  URANIUM:  THE  ELEMENT,  ITS  BINARY  AND  RELATED  COMPOUNDS,  J.  J.  Katz 
and  E.  Rabinowitch.  Vast  post-World  War  II  collection  and  correlation  of  thousands  of  AEC 
reports  and  published  papers  in  a  useful  and  easily  accessible  form,  still  the  most  complete 
and  up-to-date  compilation.  Treats  "dry  uranium  chemistry,"  occurrences,  preparation,  prop- 
erties, simple  compounds,  isotopic  composition,  extraction  from  ores,  spectra,  alloys,  etc.  Much 
material  available  only  here.  Index.  Thousands  of  evaluated  bibliographical  references.  324 
tables,  charts,  figures,  xxi   +  609pp.  5%  x  8.  S757  Paperbound  $2.95 

KINETIC  THEORY  OF  LIQUIDS,  J.  Frenkel.  Regarding  the  kinetic  theory  of  liquids  as  a  gen- 
eralization and  extension  of  the  theory  of  solid  bodies,  this  volume  covers  all  types  of 
arrangements  of  solids,  thermal  displacements  of  atoms,  interstitial  atoms  and  ions, 
orientational  and  rotational  motion  of  molecules,  and  transition  between  states  of  matter. 
Mathematical  theory  is  developed  close  to  the  physical  subject  matter.  216  bibliographical 
footnotes.  55  figures,  xi  +  485pp.  5%  x  8.  S94  Clothbound  $3.95 

S95  Paperbound  $2.45 

POLAR  MOLECULES,  Pieter  Debye.  This  work  by  Nobel  laureate  Debye  offers  a  complete  guide 
to  fundamental  electrostatic  field  relations,  polarizability,  molecular  structure.  Partial  con- 
tents.- electric  intensity,  displacement  and  force,  polarization  by  orientation,  molar  polariza- 
tion and  molar  refraction,  halogen-hydrides,  polar  liquids,  ionic  saturation,  dielectric  con- 
stant, etc.  Special  chapter  considers  quantum  theory.   Indexed.  172pp.  5%  x  8. 

S64  Paperbound  $1.50 

ELASTICITY,  PLASTICITY  AND  STRUCTURE  OF  MATTER,  R.  Houwink.  Standard  treatise  on 
Theological  aspects  of  different  technically  important  solids  such  as  crystals,  resins,  textiles, 
rubber,  clay,  many  others.  Investigates  general  laws  for  deformations;  determines  divergences 
from  these  laws  for  certain  substances.  Covers  general  physical  and  mathematical  aspects 
of  plasticity,  elasticity,  viscosity.  Detailed  examination  of  deformations,  internal  structure 
of  matter  in  relation  to  elastic  and  plastic  behavior,  formation  of  solid  matter  from  a  fluid, 
conditions  for  elastic  and  plastic  behavior  of  matter.  Treats  glass,  asphalt,  gutta  percha, 
balata,  proteins,  baker's  dough,  lacquers,  sulphur,  others.  2nd  revised,  enlarged  edition. 
Extensive  revised  bibliography  in  over  500  footnotes.  Index.  Table  of  symbols.  214  figures, 
xviii   +  368pp.  6  x  9V4.  S385  Paperbound  $2.45 

THE  PHASE  RULE  AND  ITS  APPLICATION,  Alexander  Fine*  ay.  Covering  chemical  phenomena 
of  1,  2,  3,  4,  and  multiple  component  systems,  this  "standard  work  on  the  subject'.' 
(NATURE,  London),  has  been  completely  revised  and  brought  up  to  date  by  A.  N.  Campbell 
and  N.  0.  Smith.  Brand  new  material  has  been  added  on  such  matters  as  binary,  tertiary 
liquid  equilibria,  solid  solutions  in  ternary  systems,  quinary  systems  of  salts  and  water. 
Completely  revised  to  triangular  coordinates  in  ternary  systems,  clarified  graphic  repre- 
sentation, solid  models,  etc.  9th  revised  edition.  Author,  subject  indexes.  236  figures.  505 
footnotes,  mostly  bibliographic,  xii  +  494pp.  5%  x  8.  S91  Paperbound  $2.45 


TERNARY  SYSTEMS:  INTRODUCTION  TO  THE  THEORY  OF  THREE  COMPONENT  SYSTEMS,  G. 
Masing.  Furnishes  detailed  discussion  of  representative  types  of  3-components  systems,  both 
in  solid  models  (particularly  metallic  alloys)  and  isothermal  models.  Discusses  mechanical 
mixture  without  compounds  and  without  solid  solutions;  unbroken  solid  solution  series; 
solid  solutions  with  solubility  breaks  in  two  binary  systems;  iron-silicon-aluminum  alloys; 
allotropic  forms  of  iron  in  ternary  system;  other  topics.  Bibliography.  Index.  166  illustra- 
tions. 178pp.  55/a  x  83/e.  S631    Paperbound   $1.45 

THE  STORY  OF  ALCHEMY  AND  EARLY  CHEMISTRY,  J.  M.  Stillman.  An  authoritative,  scholarly 
work,  highly  readable,  of  development  of  chemical  knowledge  from  4000  B.C.  to  downfall 
of  phlogiston  theory  in  late  18th  century.  Every  important  figure,  many  quotations.  Brings 
alive  curious,  almost  incredible  history  of  alchemical  beliefs,  practices,  writings  of 
Arabian  Prince  Oneeyade,  Vincent  of  Beauvais,  Geber,  Zosimos,  Paracelsus,  Vitruvius,  scores 
more.  Studies  work,  thought  of  Black,  Cavendish,  Priestley,  Van  Helmont,  Bergman,  Lavoisier, 
Newton,  etc.  Index.  Bibliography.  579pp.  53/8  x  8.  S628  Paperbound  $2.45 

See  also:  ATOMIC  SPECTRA  AND  ATOMIC  STRUCTURE,  G.  Herzberg;  INVESTIGATIONS  ON  THE 
THEORY  OF  THE  BROWNIAN  MOVEMENT,  A.  Einstein;  TREATISE  ON  THERMODYNAMICS,  M.  Planck. 


ASTRONOMY  AND  ASTROPHYSICS 

AN  ELEMENTARY  SURVEY  OF  CELESTIAL  MECHANICS,  Y.  Ryabov.  Elementary  exposition  of 
gravitational  theory  and  celestial  mechanics.  Historical  introduction  and  coverage  of  basic 
principles,  including:  the  elliptic,  the  orbital  plane,  the  2-  and  3-body  problems,  the  dis- 
covery of  Neptune,  planetary  rotation,  the  length  of  the  day,  the  shapes  of  galaxies,  satel- 
lites (detailed  treatment  of  Sputnik  I),  etc.  First  American  reprinting  of  successful  Russian 
popular  exposition.  Elementary  algebra  and  trigonometry  helpful,  but  not  necessary;  presenta- 
tion chiefly  verbal.  Appendix  of  theorem  proofs.  58  figures.  165pp.  53/s  x  8. 

T756  Paperbound  $1.25 

THE  SKY  AND  ITS  MYSTERIES,  E.  A.  Beet.  One  of  most  lucid  books  on  mysteries  of  universe; 
deals  with  astronomy  from  earliest  observations  to  latest  theories  of  expansion  of  universe, 
source  of  stellar  energy,  birth  of  planets,  origin  of  moon  craters,  possibility  of  life  on 
other  planets.  Discusses  effects  of  sunspots  on  weather;  distances,  ages  of  several  stars; 
master  plan  of  universe;  methods  and  tools  of  astronomers;  much  more.  "Eminently  readable 
book,"  London  Times.  Extensive  bibliography.  Over  50  diagrams.  12  full-page  plates,  fold-out 
star  map.  Introduction.  Index,  238pp.  5V4  x  JVi.  T627  Clothbound  $3.00 

THE  REALM  OF  THE  NEBULAE,  E.  Hubble.  One  of  the  great  astronomers  of  our  time  records 
his  formulation  of  the  concept  of  "island  universes,"  and  its  impact  on  astronomy.  Such 
topics  are  covered  as  the  velocity-distance  relation;  classification,  nature,  distances,  general 
field  of  nebulae;  cosmological  theories;  nebulae  in  the  neighborhood  of  the  Milky  Way.  39 
photos  of  nebulae,  nebulae  clusters,  spectra  of  nebulae,  and  velocity  distance  relations 
shown  by  spectrum  comparison.  "One  of  the  most  progressive  lines  of  astronomical  re- 
search," The  Times  (London).  New  introduction  by  A.  Sandage.  55  illustrations.  Index,  iv  + 
201pp.  5%  x  8.  S455  Paperbound  $1.50 

OUT  OF  THE  SKY,  H.  H.  Nininger.  A  non-technical  but  comprehensive  introduction  to  "me- 
teoritics",  the  young  science  concerned  with  all  aspects  of  the  arrival  of  matter  from 
outer  space.  Written  by  one  of  the  world's  experts  on  meteorites,  this  work  shows  how, 
despite  difficulties  of  observation  and  sparseness  of  data,  a  considerable  body  of  knowledge 
has  arisen.  It  defines  meteors  and  meteorites;  studies  fireball  clusters  and  processions, 
meteorite  composition,  size,  distribution,  showers,  explosions,  origins,  craters,  and  much 
more.  A  true  connecting  link  between  astronomy  and  geology.  More  than  175  photos,  22  other 
illustrations.  References.  Bibliography  of  author's  publications  on  meteorites.  Index,  viii  + 
336pp.  5%  x  8.  T519  Paperbound  $1.85 

SATELLITES  AND  SCIENTIFIC  RESEARCH,  D.  King-Hele.  Non-technical  account  of  the  manmade 
satellites  and  the  discoveries  they  have  yielded  up  to  the  spring  of  1959.  Brings  together 
information  hitherto  published  only  in  hard-to-get  scientific  journals.  Includes  the  life  history 
of  a  typical  satellite,  methods  of  tracking,  new  information  on  the  shape  of  the  earth,  zones 
of  radiation,  etc.  Over  60  diagrams  and  6  photographs.  Mathematical  appendix.  Bibliography 
of  over  100  items.  Index,  xii  +  180pp.  5%  x  8V2.  T703  Clothbound  $4.00 

HOW  TO  MAKE  A  TELESCOPE,  Jean  Texereau.  Enables  the  most  inexperienced  to  choose, 
design,  and  build  an  f/6  or  f/8  Newtonian  type  reflecting  telescope,  with  an  altazimuth 
Couder  mounting,  suitable  for  lunar,  planetary,  and  stellar  observation.  A  practical  step-by- 
step  course  covering  every  operation  and  every  piece  of  equipment.  Basic  principles  of 
geometric  and  physical  optics  are  discussed  (though  unnecessary  to  construction),  and  the 
merits  of  reflectors  and  refractors  compared.  A  thorough  discussion  of  eyepieces,  finders, 
grinding,  installation,  testing,  using  the  instrument,  etc.  241  figures  and  38  photos  show 
almost  every  operation  and  tool.  Potential  errors  are  anticipated  as  much  as  possible. 
Foreword  by  A.  Couder.  Bibliography  and  sources  of  supply  listing.  Index,  xiii.  +  191pp. 
6V4  x  10.  T464  Clothbound  $3.50 


J  INTRODUCTORY  TREATISE  ON  DYNAMICAL  ASTRONOMY,  H.  C.  Plummer.  Unusually  wide  con- 
,ected  and  concise  coverage  of  nearly  every  significant  branch  of  dynamical  astronomy,  stress- 
ing basic  principles  throughout:  determination  of  orbits,  planetary  theory,  lunar  theory,  pre- 
cession and  nutation,  and  many  of  their  applications.  Hundreds  of  formulas  and  theorems 
worked  out  completely,  important  methods  thoroughly  explained.  Covers  motion  under  a 
central  attraction,  orbits  of  double  stars  and  spectroscopic  binaries,  the  libration  of  the  moon, 
and  much  more.  Index.  8  diagrams,  xxi   +  343pp.  5%  x  8%.  S689  Paperbound  $2.35 

A  COMPENDIUM  OF  SPHERICAL  ASTRONOMY,  S.  Newcomb.  Long  a  standard  collection  of  basic 
methods  and  formulas  most  useful  to  the  working  astronomer,  and  clear  full  text  for  students. 
Includes  the  most  important  common  approximations;  40  pages  on  the  method  of  least  squares; 
general  theory  of  spherical  coordinates;  parallax;  aberration;  astronomical  refraction;  theory 
of  precession;  proper  motion  of  the  stars;  methods  of  deriving  positions  of  stars;  and  much 
more.  Index.  9  Appendices  of  tables,  formulas,  etc.  36  figures,  xviii   +   444pp.  5V8  x  8. 

S690  Paperbound  $2.25 

AN  INTRODUCTORY  TREATISE  ON  THE  LUNAR  THEORY,  E.  W.  Brown.  Indispensable  for  all 
scientists  and  engineers  interested  in  orbital  calculation,  satellites,  or  navigation  of  space. 
Only  work  in  English  to  explain  in  detail  5  major  mathematical  approaches  to  the  problem  of 
3  bodies,  those  of  Laplace,  de  Pontecoulant,  Hansen,  Delaunay,  and  Hill.  Covers  expressions 
for  mutual  attraction,  equations  of  motion,  forms  of  solution,  variations  of  the  elements  in 
disturbed  motion,  the  constants  and  their  interpretations,  planetary  and  other  disturbing 
influences,  etc.  Index.  Bibliography.  Tables,  xvi  +  292pp.  5%  x  83/s. 

S666  Paperbound  $2.00 

LES  METHODES  NOUVELLES  DE  LA  MECANIQ.UE  CELESTE,  H.  Poincare.  Complete  text  (in 
French)  of  one  of  Poincare's  most  important  works.  This  set  revolutionized  celestial  mechanics: 
first  use  of  integral  invariants,  first  major  application  of  linear  differential  equations,  study 
of  periodic  orbits,  lunar  motion  and  Jupiter's  satellites,  three  body  problem,  and  many  other 
important  topics.  "Started  a  new  era  .  .  .  so  extremely  modern  that  even  today  few  have 
mastered   his  weapons,"   E.  T.   Bell.  Three  volumes.  Total   1282pp.  6Vs  x  9V4. 

Vol.  1.  S401  Paperbound  $2.75 

Vol.  2.  S402  Paperbound  $2.75 

Vol.  3.  S403  Paperbound  $2.75 

The  set  $7.50 

SPHERICAL  AND  PRACTICAL  ASTRONOMY,  W.  Chauvenet.  First  book  in  English  to  apply  mathe- 
matical techniques  to  astronomical  problems  is  still  standard  work.  Covers  almost  entire 
field,  rigorously,  with  over  300  examples  worked  out.  Vol.  1,  spherical  astronomy,  applications 
to  nautical  astronomy;  determination  of  hour  angles,  parallactic  angle  for  known  stars; 
interpolation;  parallax;  laws  of  refraction;  predicting  eclipses;  precession,  nutation  of  fixed 
stars;  etc.  Vol.  2,  theory,  use,  of  instruments;  telescope;  measurement  of  arcs,  angles  in 
general;  electro-chronograph;  sextant,  reflecting  circles;  zenith  telescope;  etc.  100-page 
appendix  of  detailed  proof  of  Gauss'  method  of  least  squares.  5th  revised  edition.  Index.  15 
plates,   20  tables.   1340pp.   5%   x   8.  Vol.  1  S618  Paperbound  $2.75 

w  Vol.  2  S619  Paperbound  $2.75 

The  set  $5.50 

THE  INTERNAL  CONSTITUTION  OF  THE  STARS,  Sir  A.  S.  Eddington.  Influence  of  this  has  been 
enormous;  first  detailed  exposition  of  theory  of  radiative  equilibrium  for  stellar  interiors, 
of  all  available  evidence  for  existence  of  diffuse  matter  in  interstellar  space.  Studies  quantum 
theory,  polytropic  gas  spheres,  mass-luminosity  relations,  variable  stars,  etc.  Discussions  of 
equations  paralleled  with  informal  exposition  of  intimate  relationship  of  astrophysics  with 
great  discoveries  in  atomic  physics,  radiation.  Introduction.  Appendix.  Index.  421pp.  53/fe  x  8. 
6  S563   Paperbound   $2.25 

ASTRONOMY  OF  STELLAR  ENERGY  AND  DECAY,  Martin  Johnson.  Middle  level  treatment  of 
astronomy  as  interpreted  by  modern  atomic  physics.  Part  One  is  non-technical,  examines 
physical  properties,  source  of  energy,  spectroscopy,  fluctuating  stars,  various  models  and 
theories,  etc.  Part  Two  parallels  these  topics,  providing  their  mathematical  foundation. 
"Clear,  concise,  and  readily  understandable,"  American  Library  Assoc.  Bibliography.  3  indexes. 
29  illustrations.  216pp.  5%  x  8.  S537  Paperbound  $1.50 

RADIATIVE  TRANSFER,  S.  Chandrasekhar.  Definitive  work  in  field  provides  foundation  for 
analysis  of  stellar  atmospheres,  planetary  illumination,  sky  radiation;  to  physicists,  a  study 
of  problems  analogous  to  those  in  theory  of  diffusion  of  neutrons.  Partial  contents:  equation 
of  transfer,  isotropic  scattering,  H-functions,  diffuse  reflection  and  transmission,  Rayleigh 
scattering  X,  Y  functions,  radiative  equilibrium  of  stellar  atmospheres.  Extensive  bibliog- 
raphy. 3  appendices.  35  tables.  35  figures.   407pp.   5to   x  8%.  S599   Paperbound   $2.25 

AN  INTRODUCTION  TO  THE  STUDY  OF  STELLAR  STRUCTURE,  Subrahmanyan  Chandrasekhar.  Out- 
standing treatise  on  stellar  dynamics  by  one  of  world's  greatest  astrophysicists.  Uses  classical 
&  modern  math  methods  to  examine  relationship  between  loss  of  energy,  the  mass,  and 
radius  of  stars  in  a  steady  state.  Discusses  thermodynamic  laws  from  Caratheodory's  axio- 
matic standpoint;  adiabatic,  polytropic  laws;  work  of  Ritter,  Emden,  Kelvin,  others;  Stroemgren 
envelopes  as  starter  for  theory  of  gaseous  stars;  Gibbs  statistical  mechanics  (quantum); 
degenerate  stellar  configuration  &  theory  of  white  dwarfs,  etc.  "Highest  level  of  scientific 
merit "  BULLETIN,  AMER.  MATH.  SOC.  Bibliography.  Appendixes.  Index.  33  figures.  509pp. 
53/8  x  8  S413  Paperbound  $2.75 


PRINCIPLES  OF  STELLAR  DYNAMICS,  S.  Chandrasekhar.  A  leading  astrophysicist  here  presents 
the  theory  of  stellar  dynamics  as  a  branch  of  classical  dynamics,  clarifying  the  fundamental 
issues  and  the  underlying  motivations  of  the  theory.  He  analyzes  the  effects  of  stellar  en- 
counters in  terms  of  the  classical  2-body  problem,  and  investigates  problems  centering  about 
Liouville's  theorem  and  the  solutions  of  the  equations  of  continuity.  This  edition  also  includes 
4  important  papers  by  the  author  published  since  "Stellar  Dynamics,"  and  equally  indispens- 
able for  all  workers  in  the  field:  "New  Methods  in  Stellar  Dynamics"  and  "Dynamical  Friction," 
Parts  I,  II,  and  III.  Index.  3  Appendixes.  Bibliography.  50  illustrations,  x  +  313pp.  5%  x8. 

S659  Paperbound  $2.00 

A  SHORT  HISTORY  OF  ASTRONOMY,  A.  Berry.  Popular  standard  work  for  over  50  years,  this 
thorough  and  accurate  volume  covers  the  science  from  primitive  times  to  the  end  of  the  19th 
century.  After  the  Greeks  and  the  Middle  Ages,  individual  chapters  analyze  Copernicus,  Brahe, 
Galileo,  Kepler,  and  Newton,  and  the  mixed  reception  of  their  discoveries.  Post-Newtonian 
achievements  are  then  discussed  in  unusual  detail:  Halley,  Bradley,  Lagrange,  Laplace, 
Herschel,  Bessel,  etc.  2  Indexes.  104  illustrations,  9  portraits,  xxxi  +  440pp.  5%  x  8. 

T210  Paperbound  $2.00 

THREE  COPERNICAN  TREATISES,  translated  with  notes  by  Edward  Rosen.  3  papers  available 
nowhere  else  in  English:  "The  Commentariolus"  and  "Letter  against  Werner"  of  Coper- 
nicus; the  "Narratio  prima"  of  Rheticus.  The  "Commentariolus"  is  Copernicus's  most  lucid 
exposition  of  his  system.  The  "Letter  against  Werner"  throws  light  on  development  of 
Copernicus's  thought.  The  "Narratio  prima"  is  earliest  printed  presentation  of  the  new 
astronomy.  "Educational  and  enjoyable,"  Astrophysical  Journal.  Corrected  edition.  Biograph- 
ical introduction.  877-item  bibliography  of  virtually  every  book,  article,  on  Copernicus 
published  1939-1958.  Index.  19  illustrations.  218pp.  5%  x  8.  S585  Paperbound  $1.75 


EARTH  SCIENCES 


PRINCIPLES  OF  STRATIGRAPHY,  A.  W.  Grabau.  Classic  of  20th  century  geology,  unmatched  in 
scope  and  comprehensiveness.  Nearly  600  pages  cover  the  structure  and  origins  of  every  kind 
of  sedimentary,  hydrogenic,  oceanic,  pyroclastic,  atmoclastic,  hydroclastic,  marine  hydroclastic, 
and  bioclastic  rock;  metamorphism;  erosion;  etc.  Includes  also  the  constitution  of  the  atmos- 
phere; morphology  of  oceans,  rivers,  glaciers;  volcanic  activities;  faults  and  earthquakes;  and 
fundamental  principles  of  paleontology  (nearly  200  pages).  New  introduction  by  Prof.  M.  Kay, 
Columbia  U.  1277  bibliographical  entries.  264  diagrams.  Tables,  maps,  etc.  Two  volume  set. 
Total  of  xxxii  +  1185pp.  5%  x  8.  S686  Vol  I  Paperbound  $2.50 

S687  Vol  II  Paperbound  $2.50 
The  set  $5.00 

THE  GEOLOGICAL  DRAMA,  H.  and  G.  Termier.  Unusual  work  by  2  noted  French  geologists:  not 
the  usual  survey  of  geological  periods,  but  general  principles;  continent  formation,  the  influ- 
ence of  ice-ages  and  earth  movements  in  shaping  the  present-day  land  masses,  the  creation  and 
advance  of  life,  the  position  of  man.  Readable  and  authoritative  survey  for  the  layman;  excel- 
lent supplement  for  the  student  of  geology;  important  collection  of  recent  European  theories 
for  the  American  geologist.  Much  material  appears  here  for  the  first  time  in  a  non-technical 
work.  Index.  30  photographs,  5  diagrams.  5  maps.  144pp.  6x9.  T702  Clothbound  $3.95 

THE  EVOLUTION  OF  THE  IGNEOUS  ROCKS,  N.  L.  Bowen.  Invaluable  serious  introduction  applies 
techniques  of  physics  and  chemistry  to  explain  igneous  rock  diversity  in  terms  of  chemical 
composition  and  fractional  crystallization.  Discusses  liquid  immiscibility  in  silicate  magmas, 
crystal  sorting,  liquid  lines  of  descent,  fractional  resorption  of  complex  minerals,  pedogenesis, 
etc.  Of  prime  importance  to  geologists  &  mining  engineers,  also  to  physicists,  chemists 
working  with  high  temperatures  and  pressures.  "Most  important,"  TIMES,  London.  3  indexes. 
263  bibliographic  notes.  82  figures,  xviii  +  334pp.  5%  x  8.  S311  Paperbound  $1.85 

INTERNAL  CONSTITUTION  OF  THE  EARTH,  edited  by  Beno  Gutenberg.  Completely  revised. 
Brought  up-to-date,  reset.  Prepared  for  the  National  Research  Council  this  is  a  complete  & 
thorough  coverage  of  such  topics  as  earth  origins,  continent  formation,  nature  &  behavior 
of  the  earth's  core,  petrology  of  the  crust,  cooling  forces  in  the  core,  seismic  &  earthquake 
material,  gravity,  elastic  constants,  strain  characteristics  and  similar  topics.  "One  is  filled 
with  admiration  ...  a  high  standard  .  .  .  there  is  no  reader  who  will  not  learn  something 
from  this  book,"  London,  Edinburgh,  Dublin,  Philosophic  Magazine.  Largest  bibliography  in 
print:  1127  classified  items.  Indexes.  Tables  of  constants.  43  diagrams.  439pp.  6Vs  x  9V4. 

S414  Paperbound  $2.45 

HYDROLOGY,  edited  by  Oscar  E.  Meinzer.  Prepared  for  the  National  Research  Council.  De- 
tailed complete  reference  library  on  precipitation,  evaporation,  snow,  snow  surveying, 
glaciers,  lakes,  infiltration,  soil  moisture,  ground  water,  runoff,  drought,  physical  changes 
produced  by  water,  hydrology  of  limestone  terranes,  etc.  Practical  in  application,  especially 
valuable  for  engineers.  24  experts  have  created  "the  most  up-to-date,  most  complete 
treatment  of  the  subject,"  AM.  ASSOC,  of  PETROLEUM  GEOLOGISTS.  Bibliography.  Index.  165 
illustrations,  xi  +  712pp.  6Vs  x  9V4.  S191  Paperbound  $2.95 


THE  BIRTH  AND  DEVELOPMENT  OF  THE  GEOLOGICAL  SCIENCES,  F.  D.  Adams.  Most  thorough 
history  of  the  earth  sciences  ever  written.  Geological  thought  from  earliest  times  to  the  end 
of  the  19th  century,  covering  over  300  early  thinkers  &  systems:  fossils  &  their  explanation, 
vulcanists  vs.  neptunists,  figured  stones  &  paleontology,  generation  of  stones,  dozens  of 
similar  topics.  91  illustrations,  including  medieval,  renaissance  woodcuts,  etc.  Index.  632 
footnotes,  mostly  bibliographical.  511pp.  5%  x  8.  T5  Paperbound  $2.00 

DE  RE  METALLICA,  Georgius  Agricola.  400-year  old  classic  translated,  annotated  by  former 
President  Herbert  Hoover.  The  first  scientific  study  of  mineralogy  and  mining,  for  over 
200  years  after  its  appearance  in  1556,  it  was  the  standard  treatise.  12  books,  exhaustively 
annotated,  discuss  the  history  of  mining,  selection  of  sites,  types  of  deposits,  making  pits, 
shafts,  ventilating,  pumps,  crushing  machinery;  assaying,  smelting,  refining  metals;  also 
salt,  alum,  nitre,  glass  making.  Definitive  edition,  with  all  289  16th  century  woodcuts  of 
the  original.  Biographical,  historical  introductions,  bibliography,  survey  of  ancient  authors. 
Indexes.  A  fascinating  book  for  anyone  interested  in  art,  history  of  science,  geology,  etc. 
Deluxe  edition.  289  illustrations.  672pp.  63A  x  103/4.  Library  cloth.  S6  Clothbound  $10.00 

GEOGRAPHICAL  ESSAYS,  William  Morris  Davis.  Modern  geography  &  geomorphology  rest  on 
the  fundamental  work  of  this  scientist.  26  famous  essays  presenting  most  important  theories, 
field  researches.  Partial  contents:  Geographical  Cycle,  Plains  of  Marine  and  Subaerjal  Denuda- 
tion, The  Peneplain,  Rivers  and  Valleys  of  Pennsylvania,  Outline  of  Cape  Cod,  Sculpture 
of  Mountains  by  Glaciers,  etc.  "Long  the  leader  &  guide,"  ECONOMIC  GEOGRAPHY.  "Part  of 
the  very  texture  of  geography  .  .  .  models"  of  clear  thought,"  GEOGRAPHIC  REVIEW.  Index. 
130  figures,  vi    +    777pp.  53/8  x  8.  S383   Paperbound   $2.95 

A  HISTORY  OF  ANCIENT  GEOGRAPHY,  E.  H.  Bunbury.  Standard  study,  in  English,  of  ancient 
geography;  never  equalled  for  scope,  detail.  First  full  account  of  history  of  geography  from 
Greeks'  first  world  picture  based  on  mariners,  through  Ptolemy.  Discusses  every  important 
map  discovery,  figure,  travel,  expedition,  war,  conjecture,  narrative,  bearing  on  subject. 
Chapters  on  Homeric  geography,  Herodotus,  Alexander  expedition,  Strabo,  Pliny,  Ptolemy, 
would  stand  alone  as  exhaustive  monographs.  Includes  minor  geographers,  men  not  usually 
regarded  in  this  context:  Hecataeus,  Pythea,  Hipparchus,  Artemidorus,  Marinus  of  Tyre,  etc. 
Uses  information  gleaned  from  military  campaigns  such  as  Punic  wars,  Hannibal's  passage  of 
Alps,  campaigns  of  Lucullus,  Pompey,  Caesar's  wars,  the  Trojan  war.  New  introduction  by 
W.  H.  Stahl,   Brooklyn  College.   Bibliography.    Index.  20  maps.   1426pp.  53/s  x  8. 

T570-1,  clothbound,  2  volume  set  $12.50 

URANIUM  PROSPECTING,  H.  L.  Barnes.  For  immediate  practical  use,  professional  geologist  con- 
siders uranium  ores,  geological  occurrences,  field  conditions,  all  aspects  of  highly  profitable 
occupation.   Index.  Bibliography,  x  +   117pp.  53/8  x  8.  T309  Paperbound  $1.00 


BIOLOGICAL  SCIENCES 

THE  ORIGIN  OF  LIFE,  A.  I.  Oparin.  A  classic  of  biology.  This  is  the  first  modern  statement 
of  the  theory  of  gradual  evolution  of  life  from  nitrocarbon  compounds.  A  brand-new  evaluation 
of  Oparin's  theory  in  light  of  later  research,  by  Dr.  S.  Morgulis,  University  of  Nebraska, 
xxv   +270pp.  53/s  x8.  S213  Paperbound  $1.75 

HEREDITY  AND  YOUR  LIFE,  A.  M.  Winchester.  Authoritative,  concise  explanation  of  human 
genetics,  in  non-technical  terms.  What  factors  determine  characteristics  of  future  genera- 
tions, how  they  may  be  altered;  history  of  genetics,  application  of  knowledge  to  control 
health,  intelligence,  number  of  entire  populations.  Physiology  of  reproduction,  chromosomes, 
genes,  blood  types,  Rh  factor,  dominant,  recessive  traits,  birth  by  proxy,  sexual  abnormalities, 
radiation,  much  more.  Index.  75  illus.  345pp.  53/8  x  8.  T598  Paperbound  $1.45 

MATHEMATICAL  BIOPHYSICS:  PHYSICO-MATHEMATICAL  FOUNDATIONS  OF  BIOLOGY,  N.  Rashevsky. 

One  of  most  important  books  in  modern  biology,  now  revised,  expanded  with  new  chapters, 
to  include  most  significant  recent  contributions.  Vol.  1:  Diffusion  phenomena,  particularly 
diffusion  drag  forces,  their  effects.  Old  theory  of  cell  division  based  on  diffusion  drag 
forces,  other  theoretical  approaches,  more  exhaustively  treated  than  ever.  Theories  of  ex- 
citation, conduction  in  nerves,  with  formal  theories  plus  physico-chemical  theory.  Vol.  2: 
Mathematical  theories  of  various  phenomena  in  central  nervous  system.  New  chapters  on 
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A  PHILOSOPHICAL  ESSAY  ON 

PROBABILITIES 

PIERRE  SIMON,  MARQUIS  DE  LAPLACE 

A  classic  of  science,  this  famous'essay  was  written  as  a  semipopular 
introduction  to  Laplace's  monumental  Theorie  Analytique  des  Proba- 
bilites.  Parts  of  it  are  transpositions  of  sections  of  the  larger  work 
into  less  technical   language. 

Without  recourse  to  higher  mathematics,  it  will  acquaint  the  lay 
reader  with  concepts  and  uses  of  probability  theory;  it  will  also  offer 
the  skilled  mathematician  the  stimulus  of  seeing  how  a  great  scientist 
expressed  complex  ideas  in  simple  terms.  It  is  of  especial  interest 
today  as  an  application  of  mathematical  techniques  to  problems  in 
social  sciences  and  biological  sciences. 

Laplace  has  been  called  the  Newton  of  France,  and  is  generally 
recognized  as  the  founder  of  the  modern  phase  of  probability  theory. 
It  was  his  aim  to  apply  the  principles  and  general  results  of  his 
theory  to  "  the  mo;;t  important  questions  of  life,  which  are,  in  effect, 
for  the  most  part,  problems  in  probability."  In  this  essay  he  demon- 
strates the  application  of  probability  to  games  of  chance,  physics, 
reliability  of  witnesses,  astronomy,  insurance,  democratic  govern- 
ment,  and   many   other  fields. 

"Laplace's  essay  reduces  even  elementary  mathematics  to  a  mini- 
mum .  .  .  yet  acquaints  the  reader  with  the  concepts  and  uses  of 
probability,"  SKY  AND  TELESCOPE.  "Should  be  widely  read,"  MATHE- 
MATICAL GAZETTE.  "Possesses  great  interest,"  QUARTERLY  REVIEW 
OF  BIOLOGY.       ' 

Translated  from  the  6th  French  edition  by  F.  W.  Truscott  and  F.  L. 
Emory.  Introduction  by  E.  T.   Bell,  viii   +    196pp.   5%    x   8. 
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